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13  ABSTRACT 


Characteristics  of  aircraft  with  integrated  regenerative  engine  propulsion  systems 
and  aircraft  with  nonregenerati ve  turboshaft  engines  were  determined  in  order  to 
assess  the  relative  advantages  and  disadvantages  of  the  engines  in  a  utility  trans¬ 
port  helicopter  application. 

Conceptual  designs  of  aircraft,  powered  by  regenerative  engines  and  nonrcgencrat ivc 
engines  of  approximately  1000  shp,  were  based  on  existing  and  future  Army  mission 
requirements  for  a  typical  utility  transport  helicopter.  Comparative  weight  and 
performance  parameters,  reliability  aspects,  maintenance  requirements,  life-cycle 
cost  and  cost  effectiveness  for  various  missions,  and  overall  mission  effectiveness 
and  system  cost  were  assessed  for  these  aircraft. 

The  aircraft  powered  by  a  0.65  effectiveness  regenerative  engine  had  the  lowest  take¬ 
off  gross  weight,  but  it  was  only  2  percent  lighter  than  its  counterpart  with  a  non- 
regenerative  engine.  The  range  or  endurance  requirements  postulated  for  the  various 
missions  of  the  utility  helicopter  were  not  long  enough  to  realize  large  savings  in 
fuel,  and  so  the  differences  in  life-cycle  cost  and  cost  effectiveness,  although 
small,  favored  the  aircraft  with  a  simple-cycle  engine. 
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ABSTRACT 


This  report  describes  the  results  of  a  study  to  determine  the 
characteristics  of  aircraft  with  integrated  regenerative 
engine  propulsion  systems  and  aircraft  with  nonregenerative 
turboshaft  engines,  and  to  assess  the  advantages  and  disadvan¬ 
tages  of  regenerative  engines  compared  to  nonregenerative 
engines  in  a  utility  transport  helicopter  application. 

Conceptual  designs  of  aircraft,  powered  by  regenerative  engines 
and  nonregenerative  engines  of  approximately  1000  shp,  were 
based  on  existing  and  future  Army  mission  requirements  for  a 
utility  transport  helicopter.  Comparative  analyses  and 
evaluations  were  made  of  the  utility  helicopter  configurations 
with  optimum  integrated  propulsion  systems,  including: 

.  A  nonregenerative  turboshaft  engine  incorporating 
advanced  technology 

.  A  nonregenerative  turboshaft  engine  incorporating 
available  technology 

.  Three  advanced- technology  regenerative  engines  with 
different  values  of  regenerator  effectiveness 

Comparative  weight  and  performance  parameters,  reliability 
aspects,  maintenance  requirements,  life-cycle  cost  and  cost 
effectiveness  for  various  missions,  and  overall  mission 
effectiveness  and  system  cost  were  assessed  for  aircraft  with 
regenerative  and  nonregenerative  engine  propulsion  systems. 

The  aircraft  powered  by  a  0.65  effectiveness  regenerative 
engine  had  the  lowest  takeoff  gross  weight  and  empty  weight. 
However,  compared  with  an  optimum  nonregenerative  engine 
design  utilizing  advanced  technologies,  the  improvements  in 
specific  fuel  consumption  which  could  be  achieved  with  the 
regenerative  engine  were  only  15  to  17  percent.  Consequently, 
the  takeoff  gross  weight  of  the  aircraft  with  the  0.65  effec¬ 
tiveness  regenerative  engine  was  only  2  percent  lighter  than 
its  counterpart  with  a  nonregenerative  engine.  The  range  or 
endurance  postulated  for  the  various  missions  of  the  utility 
helicopter  was  not  long  enough  to  realize  large  savings  in 
fuel,  and  so  the  differences  in  life-cycle  cost  and  cost 
effectiveness,  although  small,  favored  the  aircraft  with  a 
simple-cycle  engine.  A  regenerative  engine  powered  aircraft 
would  be  superior  for  range  requirements  greater  than  those  of 
the  design  mission,  however. 


FORLWORD 


This  report  completes  the  conceptual  design  study  of  aircraft 
powered  by  regenerative  and  nonrogenerativo  engines  authorized 
by  Contract  DAAJ02-7O-C-0OA 1  ,  Regenerative  engine  Powered  Air¬ 
craft  Design  Study. 

The  authors  acknowledge  the  assistance  of  AiRescarch  Manu¬ 
facturing  Division,  The  Garrett  Corporation,  Phoenix,  Arizona. 
In  a  previous  study  under  Contract  DAAJ02-69-C-0087 ,  they 
designed  lightweight  integral  regenerative  gas  turbines  which 
were  the  basis  for  this  contractual  effort.  During  the  course 
of  the  aircraft  design  study,  AiRescarch  provided  reliability 
and  maintainability  data  for  advanced-technology  regenerative 
and  nonregenerati ve  turboshaft  engines.  They  were  also  helpful 
in  providing  additional  technical  data  relative  to  engine 
performance  and  cost. 

''  t_  ..ci  ,;ur  a.  :  ..civile:,  i  .  •. ...  Co..  :ral  1.1  ,'ctric  a  .  ', 

Military  Engine  Division,  Lynn,  Massachusetts,  which  played  an 
important  role  in  defining  the  characteristics  of  available- 
technology  turboshaft  engines. 
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SUMMARY 


The  regenerative  turboshaft  ;  n>inie  uses  a  heat  exchanger  to 
recover  much  of  the  lieat  energy  normally  lost  m  the  exhaust 
gases.  The  heat  is  transi erred  to  compressor  discharge  air 
and  reduces  the  amount  of  fuel  required  by  the  combustor  to 
achieve  desired  turbine-inlet  L . mperuturos .  The  result  is  an 
improvement  in  the  specific  fuel  consumption  (SFC)  of  the 
regenerative  engine  compared  to  the  simple-cycle  turboshaft 
eng ine . 

The  tern  regenerator  usually  is  applied  to  the  rotating, 
periodic-flow  type  of  heat  exchanger,  wnile  the  stationary 
heat  exchanger  is  called  a  recuperator.  The  terms  are  used 
interchangeably  m  this  document.  The  nonrogenerat ive  turbo- 
shart  engine,  which  lias  a  single-spool  gas  generator  and  a  free 
power  turbine,  is  called  a  simple-cycle  turboshaft  engine. 

During  the  past  ten  '/cars,  development  efforts  on  regenerators 
and  regenerative  engines  hav-  proven  the  feasibility  of  various 
heat  exchanger  concepts.  Studies  have  shown  potentially 
significant  improvements  in  the  per  form ancr  of  future  Army 
aircraft  powered  by  regenerative  engines.  [ n  helicopter 
flight  test  programs,  performance  a at a  for  existing  engines, 
modified  to  accommodate  a  "bolt-on"  recuperator,  substantiated 
improvements  in  fuel  requirements  and  range  capability. 
Reductions  in  engine  exhaust  noise  and  infrared  signature 
accompanied  these  performance  benefits.  To  properly  assess 
the  merits  of  the  regenerative  cycle,  however,  these 
advantages  must  be  evaluated  against  increased  engine  weight, 
cost,  and  maintenance  requirer  nts. 

In  a  recent  program  conducted  for  the  l . S.  Army  under  Contract 
DAAJ02 -69-C-0087 ,  analytical  and  f.sian  efforts  were  directed 
toward  achieving  compact,  li  ihtweiuht.  regenerative  on  line 
designs  of  approximately  100"  shp.  The  engine  confi  rurations 
utilized  an  annular  recuperator  o:  tubular  construction 
wrapped  around  th;  turbor  id:  i  r- / .  The  recuperator  served  as 
the  structural  backbone  o-  th.  c ng ine  asscr  bly,  result  ing  m  a 
well- integrated  r  •cnerati"e  en  .tine  concept  .  Rust  is 
Directorate,  u.  f .  Army  Air  Mob 2 1 1  tv  Research  and  Develop! ent 
Laboratory,  subsequently  contracted  with  The  Boeing  Company, 
Vertol  Division,  to  develop  conceptual  designs  of  utility 
transport  helicopters,  using  this  advanced  engine  and 
regenerator  data  (Reference  1).  The  program  culminated  in 
comparative  analyses  and  evaluations  of  desiun,  performance. 
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reliability,  maintainability,  life-cycle  cost,  and  cost 
effectiveness  of  the  aircraft  systems,  to  assess  the  advantages 
and  disadvantages  of  regenerative  turboshaft  engines  relative 
to  nonregenerative  engines  in  the  utility  helicopter 
installation.  This  document  is  the  final  report  of  the 
aircraft  design  study  program. 

The  aircraft  conceptual  designs  were  based  on  existing  and 
future  requirements  for  a  utility  transport  helicopter.  War 
game  scenarios  for  typical  army  utility  tactical  transport 
aircraft  were  used  in  the  mission  analysis.  Boeing  selected  a 
design  mission  and  secondary  missions  which  typified  Army  use 
of  the  utility  helicopter  in  all  intensities  of  conflict. 
Altitude  and  ambient  temperature  for  each  flight  regime; 
takeoff,  hover,  and  climb  requirements;  cruise  speed;  and 
payload  and  range  were  selected  for  utility,  medical  evacua¬ 
tion,  and  observation  missions. 

The  design-point  compressor  pressure  ratio  for  the  advanced- 
technology  engines  in  Reference  1  was  fixed  at  9:1,  which  was 
optimum  for  the  regenerative  engines.  For  a  simple-cycle 
engine,  however,  a  higher  pressure  ratio  would  produce  a 
better  specific  power  and  a  decrease  in  SFC .  A  pressure  ratio 
of  14:1  was  selected  as  the  optimum  value  for  the  simple-cycle 
engine,  and  performance  data  were  developed  for  this  engine 
using  the  advanced  component  technologies.  Design-point 
component  efficiencies,  losses,  and  cooling-air  flows  for  both 
the  advanced  technology  regenerative  and  nonregenerative 
engines  were  quite  optimistic  for  an  engine  with  an  airflow  of 
5.0  lb/sec,  and  the  resulting  shaft  horsepower  and  SFC 
presented  extremely  difficult  targets.  Therefore,  Boeing  re¬ 
defined  component  performance  data  for  a  simple-cycle  engine 
utilizing  expected  technologies,  and  calculated  overall 
performance  which  was  consistent  with  correlations  of  shaft 
horsepower  and  SFC  for  small  turboshaft  engines  under  develop¬ 
ment  or  proposed  for  development.  Complete  off-design 
performance  data  were  developed  for  both  advanced-technology 
and  available-technology  simple-cycle  engines  and  for  three 
advanced-technology  regenerative  engines  with  recuperator 
effectiveness  values  of  0.40,  0.65,  and  0.80.  Performance 
data  for  these  five  engines  have  been  plotted  in  Figure  1, 
illustrating  the  improvements  in  SFC  with  increasing 
recuperator  effectiveness,  as  well  as  the  relative  optimism  of 
the  advanced-technology  engine  compared  to  the  available- 
technology  simple-cycle  engine. 
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Consumption  -  lb/hr/hp 


Engine  dry  weights  were  calculated  for  each  of  these 
configurations,  sizea  for  1000  shp,  and  plotted  in  Figure  2. 
The  increasing  slope  of  the  weight  curve  resulted  lrom  the 


Boeing  develop  J  conceptual  desiuns  of  utility  transport 
helicopters  using  this  r  :ierat  ive  and  nonregenerat  1  vc  engine 
data.  The  aircratt  w  .re  based  on  fixed  range  and  payloao 
r  quirerents  !  or  tlic  util  it"  fission.  Fngines  were  scaled 
over  a  limited  ranue  to  ud.i  ve  the  helicopter  power  require¬ 
ments.  Since  the  scalinu  ranqe  was  so  lurited,  engine 
perforranct  1 •  terms  o:  specific  power  and  SFC  was  assumed  to 
be  the  same  as  that  qei  rated  tor  the  engines  of  approximately 
1000-shp  size,  but  weight  scaling  curves  were  calculated  as  a 
function  of  shaft  horsepower.  Fngine  installations  were 
optimized  with  respect  to  inlet,  exhaust,  subsystems, 
orientation,  and  other  aspects  to  define  an  integrated  aircraft 
system  with  the  best  possible  weight,  balance,  and  drag 
characteristics.  Detailed  weight  analyses  were  performed  for 
each  aircraft'  tnkcit:  cross  weight  characteristics  have  been 
plotted  ii  Figure  .  The  curve  verified  that  0.60  was 
approximately  the  optimum  recuperator  effectiveness  from  the 
standpoint  ot  gross  weight,  ana  the  aircraft  weights  were 
higher  at  the  extremes  of  the  range  of  recuperator  effective¬ 
ness  values  considered.  The  aircraft  with  this  optimum' 
regenerative  engine  propulsion  syster  was  lighter  than  one 
with  an  advanced-technology  nonregenerat 1 vc  engine.  The 
ditfercnces  a~ong  the  aircraft  weights  were  very  small, 
however,  despite  the  inprovercnt s  in  SFC  which  could  be 
achieved  with  the  regenerative  engine  compared  with  the  optimum 
advanced-technology  simple-cycle  engine.  Figure  3  also  showed 
a  substantial  weight  difference  between  aircraft  powered  by 
advanced- t cchnology  simple-cycle  engines  and  available- 
technology  engines. 

In  line  with  the  small  differences  in  gross  weights  among  the 
aircraft  power ea  by  advanced-t echnology  regenerative  and  non- 
regenerative  engines,  small  differ  nces  were  also  encountered 
in  syster  cost  an:  cost  effectiveness  for  the  various  missions 
as  well  as  ov  rail  .  lssiot.  •  :  :  - •  1  \n  us  an u  syster  cost.  In 

the  case  of  cost  tr  :.ds,  *  nv*. v  r,  th  advanced-technology 
s  mple-cycl  •  was  the  optimum  powe  rplant  f^r  the  typical 

nssui.s  si  ’  ;  f  r  th.  ut  .lit  y  helicopter.  basic 

d  i  f  f  •-  rcnces  u<  v-  iopr  nt  an  ■  pr  auction,  c.sts  and  maintenance 
recpiirerer  Is,  :  :  ’  1  ia  :  a  rat  ’•  .  m  jir.es  con  pared  to  the  non- 
re  general  1  v .  ■  n  i .  i  •  ,  wi  r  tot  ire.it  to  be  offset  by  fuel 
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Figure  3.  Takeoff  Gross  Weights  for  Helicopters  With 
Regenerative  and  Nonregenerat ive  Engines. 

The  range  or  endurance  for  the  various  mission  roles  which 
typified  Army  use  of  the  utility  helicopter  was  not 
sufficiently  long  to  produce  appreciable  fuel  savings  with 
regenerative  engines,  which  would  have  a  significant  impact 
on  aircraft  weight.  A  utility  mission  with  a  longer  range 
requirement  was  postulated  to  investigate  the  effect  of  this 
parameter.  The  weight  trend  relationship  for  fuel  tankage 
was  used,  with  the  same  fixed  tare  for  plumbing  and  pumps  and 
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the  same  percentage  of  fuel  reserves.  The  gross  weights  of 
the  aircraft  with  regenerative  and  nonregenerative  engines, 
performing  the  same  utility  mission  described  in  this  report 
but  with  a  longer  range,  were  plotted  in  Figure  4.  The  result 
was  a  much  greater  variation  in  gross  weight  among  the 
different  aircraft.  With  this  extended  range  requirement, 
although  there  was  a  greater  variation  in  gross  weight,  little 
change  was  encountered  in  the  trends  of  life-cycle  costs.  The 
aircraft  with  the  advanced-technology  simple-cycle  engine  was 
still  slightly  superior  in  cost  to  the  regenerative-engine 
powered  helicopters  (Figure  5). 


Figure  4.  Takeoff  Gross  Weights  for  Helicopters  With  Advanced- 
Technology  Regenerative  and  Nonregenerative  Engines. 
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0  0.2  0.4  o.b  0.8  1.0 

Recuperator  Design  -  Point  III  toot  ivonesr> 

Figure  5.  Life-Cycle  Costs  for  Helicopters  With  Regenerative 
and  Nonregenerat ive  Engines  -  Design  Mission  and 
Extended-Range  Mission. 

Despite  the  improvements  in  SFC  which  could  be  achieved  with  a 
regenerative  engine,  compared  with  an  optimum  nonregenerat i ve 
engine  design  utilizing  advanced  technologies,  large  tuel 
savings  would  not  be  realized  in  a  utility  helicopter  appli¬ 
cation  for  the  typical  Army  mission.  However,  there  are  other 
aspects  of  the  regenerative  engine  installation  which  could  be 
exploited.  These  include  the  reduced  mlrared  signature, 
improved  vulnerability  characteristics,  or  reduced  noise  - 
factors  which  could  not  be  included  within  the  scope  of  the 
present  program. 
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INTRODUCTION 


The  simple-cycle  turboshaft  emjinc,  with  just  a  single-spool 
gas  generator  and  a  tree  power  turbine,  typically  dissipates  a 
large  proportion  o:  tlie  input  fuel  energy  as  exhaust  heat.  The 
addition  of  a  heat  exchanger  between  the  engine  exhaust  gas  and 
the  compressor  exit  air  improves  the  thermal  efficiency  of  the 
engine  by  recovering  sore  ot  this  heat  energy  normally  lost  in 
the  exhaust .  The  heat  exchanger  preheats  the  air  entering  the 
burner,  reduces  the  amount  «  t  tuel  required  to  reach  desired 
turbine- inlet  temperatures,  and  results  in  a  decrease  in 
specific  fuel  consumption  (al'C)  . 

During  the  past  ten  years,  development  et torts  on  regenerators 
and  regenerative  gas  turbine  engines  have  proven  the  feasibility 
of  various  heat  exchanger  concepts.  Concurrently,  studies  of 
tuture  Army  aircra! t  powered  by  regenera*  ive  engines  have  shown 
promise  of  Siam f leant  improvement  in  their  performance.  In 
helicopter  flight  test  programs,  regenerative  engine  performance 
data  for  minimum  modification  conversions  of  existing  engines 
substantiated  predicted  improvements  in  fuel  requirements  and 
range  capability.  Reductions  m  engine  exhaust  noise  and 
infrared  signature  accompanied  the  performance  benefits.  These 
advantages  must  be  compared  with  increases  in  engine  weight, 
development  and  procurement  costs,  and  maintenance  requirements 
to  properly  assess  the  merits  of  the  regenerative  cycle. 

The  terr  regenerator  usually  is  applied  to  the  rotating 
per  lod ic- f low  type  of  heat  exchanger,  while  the  stationary 
heat  exchanger  is  termed  a  recuperator.  In  tins  report, 
the  terms  recuperator  and  regenerator  art  used  interchangeably. 
In  cither  case,  the  engine  is  called  a  regenerative  engine  in 
till  following  discussions. 

The  iesign-point  SIC  of  t  h<_  regenerative  engine  is  lower  than 
that  of  the  sinple-c  K  enunu,  but  even  nore  significant  than 
the  1:  proven ent  m  design-point  performance  is  the  further 
improvement  in  Si‘<*  at  part-pov.  r  conditions,  where  the  engine 
operates  rucli  of  the  tire  in  t  ,  Helicopter  installation. 

1  i gu re  <  demonstrates  ti.  :  n  f.ts  <  '  the  regenerative  engine  - 
its  better  desijn-point  ;  rforr.uice  as  well  as  its  flutter 
part -power  SIC  charact er i st i c . 

To  date,  regenerative  engines  evaluated  in  static  or  flight 
test  programs  have  been  xisting  engines  which  were  modified  to 
a  c  conu:  odat  e  a  "bolt-on"  recuperator.  Although  they  performed 
satisfactorily  an >  den  oust  rat ed  the  stratural  integrity  ot  the 


Figure  6.  Comparison  oj  Engine  Performance  for  Advanced- 

Technology  Regenerative  and  Nonregenerat ive  Engines. 


heat  exchanger,  the  engines  were  not  an  optimum  design  from 
the  standpoint  of  performance  and  weight.  In  a  recent  program 
conducted  by  AiResearch  Manufacturing  Company  for  the  U.  S. 
Army,  however,  analytical  and  design  effort  was  directed  toward 
achieving  integrated  regenerative  engine  designs  which  were 
compact  and  lightweight.  The  results  of  this  program  are 
presented  in  Reference  1.  The  engine  concepts  utilized  an 
annular  recuperator  of  tubular  construction  wrapped  around  the 
turbomachinery,  the  recuperator  acting  as  the  structural 
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backbone  of  the  engine  assembly.  Engine  configurations  were 
defined  for  external  installation  on  the  aircraft  and  for 
internal  installation,  with  different  values  of  recuperator 
effectiveness  varying  from  0.40  to  0.80,  and  different  pressure 
losses.  For  comparison  purposes,  a  nonregenerative  engine 
was  shown  in  Reference  1  for  the  same  cycle  conditions, 
although  this  engine  was  not  used  in  the  aircraft  study  because 
it  did  not  lead  to  optimum  simple-cycle  performance. 

The  AiResearch  engines  represent  advanced  technologies,  with  a 
2300°F  turbine-inlet  temperature  at  the  design  point  and  a 
compressor  pressure  ratio  of  9:1.  At  the  design  airflow  rate 
of  5.0  lb/sec,  the  component  efficiencies  and  cooling-air 
flows  are  optimistic  and  present  difficult  design  targets, 
which  is  true  also  of  the  resulting  power  and  SFC .  This 
optimism  is  apparent  too  in  the  light  weight  of  the  engines. 

The  combination  of  design-point  cycle  parameters  results  in  an 
engine  which  is  sized  for  approximately  1000  shp.  The  engines 
are  rear-drive  configurations.  Performance,  weight, 
dimensional,  and  cost  data  are  provided  for  these  advanced- 
technology  engines  in  Reference  1  and  are  summarized  in 
Table  I.  Reliability  and  maintainability  data  were  subse¬ 
quently  developed  by  AiResearch. 

Eustis  Directorate,  U.J.  Army  Air  Mobility  Research  and 
Development  Laboratory,  contracted  with  The  Boeing  Company, 
Vertol  Division,  to  conduct  a  7-month  program  to  determine  the 
characteristics  of  aircraft  designs  with  integrated  regenera¬ 
tive  engine  propulsion  systems  and  aircraft  with  non¬ 
regenerative  simple-cycle  turboshaft  engines,  and  to  assess 
the  advantages  and  disadvantages  of  regenerative  engines 
compared  to  nonregenerative  engines  in  a  utility  transport 
helicopter  application.  The  helicopter  designs  were  to  be 
accomplished  using  the  advanced  engine  and  regenerator  data 
presented  in  Reference  1,  for  engines  of  approximately  1000  shp. 
Because  of  the  degree  of  optimism  in  component  performance,  the 
engine  characteristics  for  simple-cycle  and  regenerative 
engines  developed  by  AiResearch  were  assumed  to  represent 
advanced-technology  engines  which  would  require  substantial 
development  effort  to  reach  production  in  1975.  To  provide  a 
standard  of  comparison  for  the  advanced-technology  engines, 
Boeing  defined  similar  characteristics  for  a  simple-cycle 
engine  utilizing  available  technologies  -  component  perfor¬ 
mance,  losses,  and  weights  typical  of  engines  under  develop¬ 
ment  or  proposed  for  development.  Therefore,  conceptual 
designs  of  a  utility  transport  helicopter  were  developed  with 
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TABLE  I.  ADVANCED-TECHNOLOGY  ENGINE  CHARACTERISTICS 
DESIGN  POINT  (REFERENCE  1) 

Engine  Configuration 

Compressor  Pressure  Ratio 

9:1 

Turbine-Inlet  Temperature,  °F 

2300 

Engine  Configuration  - 

Compressor 

1  Axial 

Stage  plus  1  Centrifugal 

Gas  Generator  Turbine 

1  Axial 

Stage 

Power  Turbine 

2  Axial 

Stages 

S  impi  e- 

Regenerative  Knjines 

Cycle 

Eng  i  lie 

Engine  Airflow  -  lb/sec 

5.0 

5.0 

5.0 

4.71 

Recuperator  Effectiveness 

.40 

.05 

.80 

- 

Recuperator  Pressure  Loss, 

10.0 

0.0 

4  .  O 

- 

Total  Air/Gas  Side, 

Specific  Horsepower,  shp/lb/tec 

187.5 

192.54 

194 . 70 

204 .4 

SFC ,  lb/hr/hp 

.42  5 

.  30  > 

.-,33 

.  4  m 

Shaft  Horsepower,  shp 

937.5 

902.7 

97  i  .  5 

902 . 7 

External  Mounting  (A) 

Engine  Weight,  lb 

101 . 1 

202.8 

303.7 

110.0 

Power /We ight ,  shp/lb 

5.82 

4.75 

3.20 

8.7 

Engine  OD,  in. 

19.00 

2  3.45 

2 1> .  5 

14.0 

Engine  Length,  in. 

28.7 

2  9 . 9 

40.5 

28.5  5 

Internal  Mounting  (B) 

Engine  Weight,  lb 

147.7 

17  l.i> 

’4  8.3 

- 

Power/We l ght ,  shp/lb 

0.3  5 

fJ  .  J  J 

3.92 

- 

Engine  OD,  in. 

19.58 

19.04 

2  3.1'f 

- 

Engine  Length,  in. 

28.5 

03 

LT 

3  3.0 

.  ... 

Boeing-defined  advanced-technology  and  ava 1 lable-t ochnology 
simple-cycle  engines  and  with  advanced-technology  regenerative 
engines  having  recuperators  with  different  values  of 
effectiveness  as  defined  in  Reference  1.  The  aircraft  were 
based  on  fixed  range  and  payload  requirements  for  the  itility 
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truss  ion,  and  consequently  the  ngmes  were  scaled  to  achieve 
helicopter  power  r^-uiier  nts.  Because  th  scaling  range  was 
small,  no  chant:*  s  m  engine  rtornance  w  i  assumed,  hut 
weight  scaling  cure*  s  were  :  m  rat  ed  as  a  !un  t  i  on  ot  shaft 
horsepower  trom  th  baselim  engines  ot  approxurat  •  ly  1000  slip. 

Twin  engines  in  t h*  aircratt  ■  :i  jurat  ion  would  enhance 
mission  reliability  and  otfer  a  desirable  asset  tor  the  utility 
helicopter  operat  in  )  in  a  battle:  leld  environrent.  I  njure 
inoperative  requirements  were  determined,  and  twin-engir, 
an  craft  (tor  the  same  mission  and  payload)  were  included 
among  the  alternative  conceptual  designs.  With  the  exception 
ot  increased  rissi  >n  reliability,  however,  all  other  factors 
favored  s  mglc-en  jin  •  ins  t  al  1  a  t  i  on:  compared  with  twin  engines. 
Because  this  program  was  concerned  primarily  with  tradeoffs 
between  regerrerutiv  and  nonregencr at  1  ve  engines,  twin-engine 
aircraft  were  **1  ir  mutid  !  ror  the  stud-. 


W  1  jht  and  pertormauc  paramet»rs,  reliability  aspects  and 
maintenance  recjuir  rents,  and  lit  -cycl’  cost  ana  cost 
effectiveness  wn  assessed  tor  the  singl  -entitle  aircratt 
powered  by  regenerative  and  niregc:  c  r  at  l  ve  engines  of 
approximately  lOOv  «hp .  i'<  r  nter'nc  purposes,  analyses  and 

data  pertaining  to  ’win-en  tuie  air  era  1 1  anu  th  stall  r 
engines  were  ass  end  led  m  Appeniix  I.  This  1  icurenl  l  ;  the 
tinal  report  of  the  study  program. 

The  program  was  or  tanized  mt  t  iv<  work  •  asks,  as  to.lcws: 


Task  1 
Task  .' 
Task  3 
T  isk  •} 
Task  * 


Turbos.ua  tt  hntin  Pesign  latuuiet  rs 
K  g  -n  rat  l  v*-  !  i  n*  !  >•  •»  i  m  larar  U  1  i  s 
Aircratt  Con !  i  t  . r at i on  ftudus 
I  i  opu  1  s  i  >n /Air:  rare  I  r.t  e  jr  at  i  oti 
'  rcratt  '  ■>rpa:  it  iv  eial.’ses 


!  act.  work  t  ask  i  s  i 
r  p  u  t  .  Th  tits*  s 
ies  i  n  r  l  ss  l  n  e 
us  ot  t )  ■  ’  i  !  .  ’  ' 

pr •  sent  *  :  l  •  •  las 


r  i  b< 

•t  1  0*i 


dal 


1  .  ’Ot  1 


!>  1  \  ’  v  . 


;  .ir.it  .  i  > :  •  i 

t  •  .  >u  i  :  t  ’ 

>ns  si  t  t t  _  .  : 

:  i  :  r  a:  1  ..  s  l  *  >: .  .*■•  i  r 


; »  >  I  "  . 
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AIRCRAFT  MISSION  DEFINITION 

The  aircraft  conceptual  designs  were  based  on  existing  and 
future  mission  requirements  for  a  utility  transport  helicopter, 
to  insure  that  the  study  results  would  be  meaningful.  Toward 
this  end,  Boeing  selected  a  design  mission  and  secondary 
missions  which  typify  Army  use  of  the  utility  helicopter  in 
all  intensities  of  conflict,  with  a  frequency  distribution  for 
appropriate  weighting  of  the  defined  missions.  Mission 
selection  included  altitude  and  ambient  temperature  for  each 
flight  regime;  takeoff,  hover,  and  climb  requirements;  cruise 
speed;  and  payload  and  range. 

The  War  Game  Scenarios  for  the  Army's  Utility  Tactical  Trans¬ 
port  Aircraft  System  (UTTAS) ,  published  by  the  U.  S.  Army 
Combat  Developments  Command,  were  selected  as  the  basis  of  the 
mission  analysis  (References  2,3,4,  and  5).  Most  current  Army 
planning  visualizes  mid-  and  high-intensity  conflict  as  the 
basis  for  equipping  and  organizing  the  Army  of  the  future. 
Although  considerable  mission  data  for  low-intensity  conflict 
are  available  from  Vietnam  experience,  they  are  not  directly 
applicable  to  higher  intensities  of  conflict,  while  the  USACDC 
(U.S.  Army  Combat  Developments  Command)  UTTAS  Study  Scenarios 
address  all  intensities  of  conflict.  The  scenarios  were  one 
of  the  principal  means  of  establishing  the  mission  and  per¬ 
formance  envelope  for  the  UTTAS  utility  transport  helicopter. 
They  include  missions  currently  performed  by  utility  aircraft 
and  missions  visualized  for  the  future,  possibly  with  new 
equipment  and/or  new  organization,  and  are  appropriate  to  use 
in  a  study  relating  to  a  future  regenerative  engine.  In  the 
scenarios  were  983  tasks  itemized  for  helicopter  accomplishment 
in  the  low-intensity  conflict,  793  tasks  in  the  mid-intensity 
conflict,  and  278  in  the  high-intensity  conflict.  Of  the 
total  tasks,  those  that  fall  into  the  following  categories 
were  determined  (Table  II)  : 

•  utility  (defined  as  search  and  destroy,  command  and 
control,  Ci.vil  affairs,  psychological  warfare,  and 
POW  extraction) 

•  Medical  evacuation  (including  air  crash  rescue  and  air 
ambulance) 

Observation 


These  three  categories  represented  65  percent  of  the  total 


tasks  for  helicopter  accomplishment  in  the  low-intensity 
conflict,  43  percent  in  the  mid-intensity  conflict,  and  26 
percent  in  the  h igh- intens ity  conflict.  The  decrease  in  the 
percentage  of  tasks  to  be  accomplished  with  the  increase  in 
level  of  conflict  was  indicative  of  the  greater  demand  made  of 
helicopters  for  large  troop  movements,  equipment  and  artillery 
movements,  and  resupply  movements  as  the  intensity  of  conflict 
increased. 


TABLE  II.  HELICOPTER  TASKS  IN  VARIOUS  LEVELS  OF  CONFLICT 


Level  of 

Conflict 

Low  Intensity 

Mid  Intensity 

High  Intensity 

No.  of 
Tasks 

& 

No .  of 

Tasks 

% 

No.  of 
Tasks 

% 

Utility 

389 

61 

179 

52 

43 

61 

Medical  Evacuation 

182 

28 

152 

44 

16 

22 

Observat ion 

68 

11 

12 

4 

12 

17 

Total 

639 

100 

343 

100 

71 

100 

South  Vietnam  was  considered  representative  of  low-intensity. 
South  Korea  representative  of  mid-intensity,  and  the  Federal 
Republic  of  Germany  representative  of  high-intensity  conflict. 
The  scenarios  were  analyzed  to  determine  altitude-temperature 
conditions  for  the  aircraft.  To  satisfy  the  requirements  for 
a  mid- intens ity  conflict,  the  following  capabilities  were 
defined  for  the  utility  helicopter: 

•  Takeoff  power  criteria  of  4000  feet,  95°F  ambient 
conditions  with  a  500-fpm  vertical  rate  of  climb 
at  95  percent  Military  Power 

•  Cruise  Speed  from  110  to  140  knots 

•  Payload  and  range  as  described  in  the  mission  profiles 
in  subsequent  paragraphs . 

A  helicopter  with  this  capability  should  perfomi  the  mission 
for  which  it  was  designed  96  percent  of  the  time  in  South 
Korea  and  98  percent  of  the  time  in  the  Federal  Republic  of 


Germany.  A  twin-engine  configuration  could  enhance  mission 
reliability,  and  two  engines  would  be  a  desirable  asset  for  the 
utility  helicopter  operating  in  a  battlefield  environment. 
Accordingly,  engine  inoperative  requirements  were  determined, 
and  twin-engine  aircraft  were  included  among  the  alternative 
conceptual  designs. 

DESIGN  MISSION 

In  the  design  (utility)  mission,  an  airmobile  operation  will  be 
conducted  using  a  battalion  combat  team  as  the  assault  force 
(Figure  7).  The  battalion  commander  elects  to  use  the  utility 
helicopter  for  command  and  control.  The  aviation  unit 
commander,  the  air  liaison  officer,  and  the  artillery  observer 
accompany  him  in  the  aircraft  to  provide  control  of  supporting 
elements . 


Figure  7. 


Helicopter  Utility  Mission. 
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The  helicopter  transports  three  passengers  from  the  helicopter 
base  to  battalion  headquarters  to  pick  up  the  battalion 
commander .  From  here  they  fly  to  the  loading  zone  to  supervise 
the  loading  of  the  aircraft.  The  helicopter  then  transports 
the  four  passengers  to  the  landing  zone.  The  helicopter  loiters 
for  20  minutes  to  observe  preparatory  artilleiy  and  close  air 
support  during  the  landing  and  departure  of  the  transport 
helicopters,  and  to  observe  and  direct  the  positioning  of 
maneuver  elements  and  the  coordination  of  supporting  air  and 
artillery  fire.  The  helicopter  then  lands  and  discharges  all 
passengers  except  the  aviation  unit  commander,  who  returns  wit}, 
the  helicopter  to  the  base. 

The  mission  demands  a  payload  of  four  passengers;  2  to  3  hours 
endurance,  including  takeoffs  and  landings;  or  a  maximum  range 
of  150  nautical  miles  with  a  20-minute  loiter,  and  4  takeoffs 
and  landings.  Figure  8  presents  the  cumulative  frequency  of 
occurrence  of  the  distance  of  movement  for  the  utility  mission, 
from  the  USACDC  UTTAS  scenarios.  The  typical  mission  profile 
follows : 

1.  Warm  up  2  minutes  at  Normal  Rated  Power. 

2.  Take  off  and  hover  out  of  ground  effect,  ^  r  mutes. 

3.  Cruise  outbound. 

4.  Loiter  20  minutes  at  75  nautical  miles. 

5.  Land,  unload,  take  off,  and  hover  out  of  ground 
effect,  2  minutes. 

6.  Cruise  inbound  75  nautical  miles. 

7.  Land  with  10  percent,  of  initial  fuel. 

This  mission  profile  does  not  specify  explicitly  the  two 
intermediate  landings  and  takeoffs.  They  are  accounted  f or  m 
the  hover  time.  The  intermediate  crutsi  distances  are  not 
defined  more  precisely  to  simplify  the  Jcsign  ot  the 
helicopter . 
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1.0 


Figure  8.  Cumulative  frequency  of  Occurrence  oi 

Distance  oi  Movement  for  I'tility  Mission 


SECONDARY  MISSIONS 

The  typical  scenario  tor  the  medical  evacuation  mission 
(Figure  9)  requires  evacuation  of  1J  disabled  wounded 
personnel  from  a  forward  area  to  a  field  hospital  1  ’>  nautical 
miles  to  the  rear. 


FORWA RD 
ART: A  OF 
OPERATION 


1  i  I  ;r  e  .  Mil'll  i:'.i 'uation  Mission. 


The  helicopter  liwtifil  lately  take:;  ot  !  l  rur.  the  helicopter  base 
will  one  medic  aboard  and  i  1  i  es  to  the  torward  area,  where  it 
lands  and  picks  up  lour  litter  patients.  rror  here,  the 
helicopter  tlies  to  the  field  hospital,  where  it  lands  and 
discharges  the  litters.  After  two  more  trips  to  accomplish 
the  evacuation,  the  helicopter  returns  from  the  field  hospital 
to  the  helicopter  base. 

The  mission  demands  a  payload  of  4  litters  and  1  medic,  3nd 
fuel  for  1 ' U  nautical  riles,  with  7  takeoffs  and  landinqs. 
figure  10  presents  the  cumulative  frequency  of  occurrence  of 
the  distance  of  movement  lor  the  medical  evacuation  mission. 
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The  typical  mission  profile  includes: 

1.  Warm  up  2  minutes  at  Normal  Rated  Power. 

2.  Take  off  and  hover  out  of  ground  effect,  1/2  minute. 

3.  Cruise  outbound. 

4.  Land  and  load  4  litter  patients. 

5.  Take  off  and  hover  out  of  ground  effect,  1/2  minute. 

t>.  Cruise  inbound. 

7.  Land  and  unload  litter  patients. 

8.  Repeat  2  through  7  twice. 

9.  Take  off  and  hover  out  of  ground  effect,  1/2  minute. 

10.  Cruise  inbound. 

11.  Land  with  10  percent  of  initial  fuel. 

In  the  typical  scenario  for  the  observation  mission  (Figure  11), 
the  division  artillery  commander  orders  continuous  daylight 
observation  of  the  forward  area  to  locate  targets  and  adjust 
the  fire  of  a  general  support  artillery  battalion.  Three 
helicopters  are  available  for  this  mission.  Instructions 
provide  for  a  continuous  observation  from  dawn  to  dusk  and 
require  that  the  new  relief  helicopter  be  on  station  prior  to 
the  departure  of  the  relieved  helicopter.  The  distance  from 
the  helicopter  base  to  the  observation  area  is  10  nautical 
miles . 

The  mission  demands  a  payload  of  one  observer,  fuel  for  20 
nautical  miles,  and  endurance  for  2  hours.  Cumulative  fre¬ 
quency  of  occurrence  of  flight  endurance  for  the  observation 
mission  is  plotted  in  Figure  12. 
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FORWARD 
ARI  A  OF 
OPERATION 


FORWARD 
AREA  OF 
OPERATION 

Figure  11.  Observation  Mission. 

The  typical  mission  profile  follows: 

1.  Warm  up  2  minutes  at  Normal  Rated  Power. 

2.  Take  off  and  hover  out  of  ground  effect,  1/2  minute. 

3.  Cruise  outbound  10  nautical  miles. 

4.  Loiter  at  best  endurance  speed  for  2  hours. 

5.  Cruise  inbound  10  nautical  miles. 

6.  Land  with  10  percent  of  initial  fuel. 


am 


Level  of  Conflict 
- High  Intensity 

—  — - Mid  Intensity 

—  -  —  Low  Intensity 


Duration  -  Hours 

Figure  12.  Cumulative  Frequency  ot  occurrence  oi 

Flight  !'u  luranee  lor  observation  Mission 


twin-fngini  airokaf'. 

Twin-engine  aircratt  were  designed  lor  the  sore  mission  and 
payload.  Definition  01  one  engine  inoperative  {(>111)  capability 
for  those  aircratt  war.  based  upon  evaluation  ot  Army  require¬ 
ments  for  multienginc  aircraft,  which  established  that  the 
helicopter  must  have  go-home  capabil  ty  with,  one  engine  in¬ 
operative.  lor  the  OKI  requirements,  at  4000  feet,  Hj°1 
ambient  conditions  w.th  the  remaining  engine  at  Military  Power 
setting,  the  aircratt  should  have  the  following  capabilities 
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at  design  gross  weight  (DGW) : 


1.  Positive  rate  of  climb  at  Obi  cruise  speed  of 
80  knots  true  airspeed  (TAS) . 

2.  Cruise  speed,  100  knots  TAS  in  straight,  level  flight 

3.  Landing,  after  a  normal  approach  and  without  hover  in 
ground  effect. 

The  service  ceiling  at  95°F  should  be  3000  feet  or  more.  Twin 
engine  aircraft,  designed  to  these  OEI  requirements,  were 
subsequently  evaluated  and  compared  with  the  single-engine 
configurations.  Aside  from  the  obvious  benefits  of  increased 
mission  reliability,  all  other  factors  favored  the  single 
engine  compared  with  two  engines.  This  study  program  was 
concerned  primarily  with  comparisons  between  regenerative  and 
nonregenerat ive  engines  in  an  aircraft  installation,  and  such 
comparisons  would  be  equally  valid  for  single-engine  helicop¬ 
ters  as  for  twin-engine  ships.  To  reduce  the  complexity  of 
the  effort,  therefore,  only  single-engine  aircraft  were 
retained  for  consideration  in  tasks  directed  toward  the  final 
tradeoff  studies  of  weight,  performance,  reliability, 
maintainability,  and  cost  parameters.  Twin-engine  aircraft 
conceptual  designs,  and  the  corresponding  data  for  simple- 
cycle  engines  and  regenerative  engines,  have  been  placed  in 
Appendix  I. 
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TURBOSHAFT  ENGINE  DES IGN  PA RAMET E RS 


Conceptual  designs  of  the  utility  transport  helicopter  aircraft 
in  this  program  initially  were  based  on  the  data  for 
regenerative  and  nonregenerat ive  engines  of  approximately 
1000  shp,  presented  by  AiResearch  in  Reference  1.  The  design- 
point  component  efficiencies,  losses,  and  cooling-air  flows 
for  these  engines  were  somewhat  optimistic  for  an  engine  that 
could  be  available  in  1975.  Basically,  the  design  parameters 
used  in  Reference  1  were  for  an  airflow  of  5.0  lb/sec,  and  they 
resulted  in  a  specific  power  (shaft  horsepower  divided  by 
compressor  inlet  airflow,  shp/lb/sec)  and  a  specific  fuel 
consumption  (SFC)  that  represented  extremely  difficult  targets 
for  the  time  frame  considered.  This  optimism  was  also  reflec¬ 
ted  in  the  very  high  power-to-we ight  ratio  of  the  non- 
regenerative  simple-cycle  engine.  The  advanced  component 
technologies  would  require  substantial  development  effort  to 
achieve  the  desired  production  status.  Therefore,  to  provide 
a  standard  of  comparison  for  the  advanced-technology  simple- 
cycle  engine,  Boeing  redefined,  by  agreement  with  the  Army, 
performance  and  weight  characteristics  typical  of  turboshaft 
engines  under  development  or  proposed  for  development  utilizing 
available  technologies.  Component  trend  data  were  developed 
and  used  to  define  design-point  component  performance  and  to 
generate  overall  performance  for  a  simple-cycle  engine 
consistent  with  correlations  of  specific  power  and  SFC  for 
available  technology  engines. 

The  output  shaft  was  located  at  the  rear  of  both  the  regenera¬ 
tive  and  nonregenerat ive  engine  configurations  in  Reference  1, 
providing  a  simplified  shafting  and  bearing  system.  This 
arrangement  was  adopted  as  the  standard  for  the  study  and  had 
the  added  advantage  of  minimizing  shaft  dynamics  problems. 

In  addition,  by  isolating  eacli  rotating  assembly,  turbine  tip 
clearances  could  be  reduced  to  maximize  turbine  efficiencies. 

The  power  requirement  of  the  utility  helicopter  considered  in 
this  study  was  approximately  1000  s!  p,  essentially  the  size 
of  the  engines  described  in  Reference  1.  The  twin-engine 
aircraft  sized  for  the  same  mission  and  payload,  however, 
dictated  an  engine  power  approximately  one-half  of  this 
1000-shp  capability.  The  characteristics  of  the  smaller 
advanced-technology  engine  -  approximately  500  shp  -  were 
obtained  by  downgrading  the  performance  and  weight  data  for 
the  1000-shp  engine,  while  the  characteristics  of  the  500-shp 
available-technology  engine  were  developed  from  the  applicable 
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trend  curves.  Although  not  used  in  the  final  studies,  data 
for  the  500-shp  enaines  and  the  twin-engine  aircraft  have  been 
assembled  in  Appendix  I  for  reference  purposes.  This  section 
of  the  report  considers  only  the  characteristics  of  simple- 
cycle  turboshaft  engines  of  approximately  1000  shp,  utilizing 
both  advanced  technologies  and  available  technologies. 

ADVANCED -TECHNOLOGY  ENGINE 


Engines  used  in  the  nonr egenerat ive  portion  of  the  study  were 
defined  in  Table  III.  In  the  first  column,  component  design- 
point  data  and  specific  power  and  SFC  for  the  advanced- 
technology  turboshaft  engine  were  reproduced  from  Reference  1. 

It  should  be  noted  that  although  the  9:1  compressor  pressure 
ratio  is  optimum  for  the  regenerative  engine,  the  simple-cycle 
engine  optimizes  at  a  higher  pressure  ratio.  To  determine  the 
optimum  compressor  pressure  ratio  for  the  advanced-technology 
simple-cycle  engine,  trend  data  were  developed  for  component 
design-point  performance  parameters  and  used  in  a  parametric 
study  of  the  effect  of  pressure  ratio  on  engine  performance. 

A  design-point  adiabatic  efficiency  trend,  typical  of  advanced- 
technology  compressors  in  the  5.0-lb/sec  class,  was  plotted  in 
Figure  13.  The  efficiency  value  of  0.82  at  pressure  ratio  9:1, 
from  Reference  1,  was  on  this  curve,  and  the  slope  of  the  curve 
corresponded  very  nearly  to  a  constant  polytropic  efficiency. 

In  Figure  14,  an  approximate  parametric  trend  was  developed  for 
two-stage  turbines  in  the  same  size  class.  Using  the  power 
turbine  efficiency  and  pressure  ratio  from  Reference  1 
(Table  III,  first  column)  and  a  slope  parallel  to  the  typical 
efficiency  curve,  trend  data  were  developed  for  advanced- 
technology  two-stage  turbines.  The  engine  designs  in  Reference 
1  used  a  single-stage  gas-generator  turbine  having  relativelv 
high  loading.  The  efficiency  of  this  stage  was  corrected  for 
the  effect  of  aerodynamic  losses  (due  to  coo’ing),  and  the 
assumed  efficiency  for  the  developed  stage  was  reduced  to 
0.86,  the  point  plotted  in  Figure  14.  The  efficiencies  of  the 
two-stage  gas-generator  turbines  considered  in  the  parametric 
study  also  were  downgraded  slightly  from  the  advanced-technology 
curve  to  account  for  cooling  air.  The  trend  curves  for  cooling 
requirements  and  leakage  flows  were  plotted  in  Figure  15. 

Leakage  flows  were  proportional  to  pressure  ratio,  while  the 
cooling  air  requirements  at  constant  turbine-inlet  temperature 
were  dependent  on  compressor  exit  temperature,  which  also  is 
a  function  of  pressure  ratio. 
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TABLE  III.  SIMPLE-CYCLE  TL'RBOSHAPT  ENGINE  DESIGN-POINT 
PARAMETERS 


Compressor 

Ini"!  Airflow,  l.j/soc 
Pressure  Kd l 10 
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*1  Miciencies,  press’ire  losses,  bleed  and  leakage  flow: 
expressed  as  decimal  fractions. 
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The  trends  for  compressor  and  turbine  efficiencies  and  for 
cooling  air  and  leakage  flows,  in  Figures  13,14,  and  15,  were 
used  in  the  parametric  study;  Figure  16  illustrates  the 
resulting  specific  power  and  SFC.  It  is  recognized  that  higher 
values  of  specific  power  reflect  smaller  physical  size  of  the 
engine  for  a  fixed  power  requirement.  In  most  applications, 
however,  the  impact  of  fuel  load  on  the  aircraft  gross  weight 
is  significantly  greater  than  that  of  engine  weight.  For  this 
reason,  greatest  emphasis  was  placed  on  optimizing  the  SFC  of 
the  simple-cycle  engine,  and  a  pressure  ratio  of  14:1  was 
selected  for  the  design  point  using  advanced-technology 
components . 

Design-Point  Performance 


The  second  column  in  Table  III  presents  component  data  and 
engine  performance  for  the  design  point  of  the  advanced- 
technology  simple-cycle  engine.  Compressor  performance,  cool¬ 
ing  air,  and  leakage  parameters  were  taken  from  Figures  13  and 
15,  and  combustor  performance  was  assumed  to  be  the  same  as  the 
Reference  1  data.  The  pressure  ratio  across  the  gas-generator 
turbine  (3.61:1)  dictated  a  two-stage  design,  and  the  efficiency 
of  the  gas-generator  turbine  was  degraded  somewhat  from  the 
trend  data  in  Figure  14  to  account  for  the  impact  of  turbine 
cooling  flows  on  performance.  Other  efficiencies  and  losses 
were  assumed  to  be  the  same  as  the  data  from  Reference  1  or 
were  read  from  the  applicable  trend  curves. 

The  SFC  was  substantially  better  than  that  of  the  non- 
recuperative  engine  design  presented  in  Reference  1  (0.429 
lb/hr/hp  compared  to  0.466  lb/hr/hp) . 

Off-Design  Performance 


Off-design  performance  was  developed  for  the  simple-cycle 
engine,  to  be  used  in  performance  calculations  for  the  utility 
transport  aircraft  over  the  complete  spectrum  of  altitude- 
ambient  temperature  conditions,  forward  flight  speeds,  and 
power  requirements.  The  compressor  performance  map  assumed  for 
this  calculation  is  shown  in  Figure  17.  Typical  two-stage 
turbine  performance  characteristics  were  used  to  generate  the 
povur  turbine  efficiency  trend  at  optimum  shaft  speed,  plotted 
in  Figure  18.  Figure  19  presents  the  results  of  the  off-design 
performance  calculation.  Referred  shaft  horsepower  and 
referred  fuel  flow  are  shown  as  functions  of  referred  turbine- 
inlet  temperature  for  various  forward  flight  speeds  -  at 
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Ratings  for  the  advanced-technology  engine  were  predicated 
upon  the  rating  philosophy  of  a  number  of  engines  presently 
under  development,  in  which  the  shaft  horsepower  at  the 
NRP  settings  was  85  to  87  percent  of  the  power  at  the  MRP 
setting.  This  corresponded  to  approximately  a  150°F 
difference  in  turbine-inlet  temperature  between  the  two 
ratings.  Accordingly,  the  turbine- inlet  temperature  of  the 
advanced-technology  s imple-c/cle  engine  was  selected  as 
2150°F  at  NRP  and  2300°F  at  MRP. 

Engine  Configuration 


The  engine  configurations  developed  in  Reference  1  had  com¬ 
pressors  with  one  axial  and  '>no  radial  stage,  a  single-stage 
gas  generator  turbine,  an  1  i  two-stage  power  turbine.  For  the 
higher  pressure  ratio  (14:1)  selected  for  the  advanced- 
technology  simple-cycle  engine,  a  compressor  with  two  axial 
singes  and  one  radial  stage  and  a  two-stage  gas-generator 
turbine  was  judged  to  be  more  suitable.  The  arrangement  of 
components  for  this  engine  is  pictured  in  Figure  22. 

Because  only  rear-drive  engines  were  used  in  the  study,  the 
simple-cycle  engine  would  have  a  curved  exhaust  duct  similar 
to  the  General  Electric  T58  engine.  For  convenience, 
therefore,  the  T58  exhaust  duct  dimensions  wore  scaled  to  fit 
the  engines. 

Engine  Weight 


The  dry  weight  for  the  nonrecuperat ive  engine  in  Reference  1 
was  110  pounds  for  u  962-shp  engine.  Since  the  range  of 
powers  considered  in  scaling  the  engine  to  1000  shp  was  quite 
narrow,  linear  scaling  in  proportion  to  the  power  was  used  to 
calculate  a  dry  weight  of  114  pounds  for  a  1000- shp  engine. 

The  compressor  and  gas-generator  turbine  configuration  changes 
mentioned  above  resulted  in  a  further  increase  in  weight 
(approximately  177) ,  and  129  pounds  was  selected  as  the  dry 
weight  of  the  advanced-technology  simple-cycle  engine. 

Engine  Reliability  and  Maintainability 

Reliability  and  maintainability  data  for  the  engines  have  been 
included  with  data  for  the  other  aircraft  subsystems  in  the 
Aircraft  Comparative  Analyses  section  of  the  report. 
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The  pioneering  effort  in  correlating  development  and  procure¬ 
ment  cost  of  aircraft  turbine  engines  was  undertaken  by  the 
RAND  Corporation,  and  the  results  were  published  in  Reference 
b.  Although  attempts  were  made  to  relate  cost  to  several 
technical  variables,  satisfactory  relationships  were  derived 
only  for  cost  as  a  function  of  engine  size  or  shaft  horsepower. 
The  RAND  document  defined  development  cost  to  include  initial 
contractor  preliminary  design,  subsequent  engineering,  proto¬ 
type  tooling,  material,  fabrication,  assembly  and  bench  testing 
of  scale  or  full-size  components  or  complete  engines  to  and 
including  qualification  testing  to  military  acceptance 
specifications,  and  also  production  tooling.  Procurement  cost 
was  defined  as  the  total  cost  to  fabricate  and  assemble 
complete  engines,  including  labor,  material,  overhead,  and 
profit.  Also  included  was  sustaining  tooling,  factory  liaison, 
acceptance  testing,  and  the  preparation  of  supporting  data  such 
as  maintenance  manuals. 

Following  this  same  line  of  thought,  Boeing  lias  added  a  large 
amount  of  data  to  the  original  RAND  correlation,  and  the  cost 
curves  have  been  updated  to  reflect  11)70  dollars.  Resulting 
development  costs  for  turboshaft  engines  are  shown  in  Figure  23. 
Procurement  costs  for  turboshaft  engines  are  provided  in 
Fujuru  24,  the  wide  band  covering  virtually  all  available  data 
points.  The  production  cost  data  correlated  in  Figure  24  were 
cumulative  average  costs  for  1000  engines  in  1070  dollars, 
based  on  a  02  percent  learning  curve  and  3  percent  average  cost 
increase  per  year.  Unit  costs  to  be  used  in  the  Systems 
[Engineering  Model  were  based  on  the  same  02  percent  learning 
curve,  with  cumulative  average  costs  developed  by  extrapolating 
the  data  in  Figure  24.  The  data  point  for  the  nonregenerat ive 
engine  from  Reference  1,  which  was  plotted  in  Figure  24,  proved 
to  oe  on  the  low  side  of  the  spread  of  cost  data,  but  the  data 
for  the  simple-cycle  engines  considered  in  this  study  were 
developed  using  this  cost  trend,  as  illustrated  by  the  line 
plotted  intersecting  the  Reference  1  data  point. 

AVAILABLE-TECHNOLOGY  CNF,  INF 

Boeing  surveyed  otner  engine  manufacturers  to  determine  the 
state  of  the  art  in  small  turboshaft  engines  under  development 
or  proposed  for  development,  and  correlations  of  component  data 
were  generated  for  these  engines,  using  available  technologies. 
The  component  trend  data  were  used  to  define  the  design-point 
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figure  25.  Compressor  Design-Point  Efficiency  Trends  for 
Small  Turboshaft  Engines  Utilizing  Available 
Technologies . 
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Compressor  Design-Point  Pressure  Ratio 

Design-Point  Specific  Fuel  Consumption  Trend 
for  Small  Turboshaft  Engines  Utilizing 
Available  Technologies. 
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the  design-point  efficiency  of  0.79,  the  vaije  in  Table  III. 
The  power-turbine  efficiency  trend  was  sinlar  to  the  data 
used  previously  and  was  also  plotted  in  Figure  18.  The  results 
of  the  oft-design  performance  calculation  are  presented  in 
Figure  29,  showing  referred  shaft  horsepower  and  referred  fuel 
flow  as  functions  of  referred  turbi ne- inlet  temperature  for 
various  forward  flight  speeds.  Because  these  plots  arc  for 
optimum  output  shaft  speed,  the  data  previously  developed  in 
Figures  20  and  21  •  jre  used  to  correct  shaft  horsepower  and  SFC 
for  oonoptirum  output  shaft  spied. 

As  with  the  ear  1 i er -d l scussed  advanced-technology  engines, 

Normal  Hated  Power  was  chosen  as  8‘j  to  87  percent  of  the  Mili¬ 
tary  Rated  Power;  but  in  tae  case  of  available-technology 
engines,  the  difference  in  turbine- inlet  temperature  between 
the  two  power  sctt.ugs  changed  to  1 2  c  F .  On  tins  basis, 
turbi no- inlet  temperature  of  the  available  technology  turbo- 
shaft  engine  was  selected  as  207j°F  at  Normal  Rated  Power  and 
2200°F  at  Military  Rated  Power. 

Engine  Configuration 

The  purpose  in  defining  an  engine  configuration  was  to  provide 
dimensional  data  for  installation  studies.  For  the  rear -drive 
arrangement,  a  very  long  engine  would  pose  a  difficult 
installation  problem.  However,  the  combination  of  axial  and 
centrifugal  compressor  stages  and  the  reverse-flow  annular 
burner  generally  seemed  to  be  favored  among  the  small  turbo¬ 
shaft  engines  under  development.  Such  configurations  tend  to 
minimize  length  of  the  engine,  and  the  engine  outline  m 
Figure  JO  was  selected  as  representative  for  this  study. 

Engine  Weight 


Correlations  of  the  dry  weights  of  these  small  turboshaft 
engines  were  developed  from  basic  engine  relationships. 
Basically,  engine  size  and  weight  are  functions  of  airflow. 
Specific  power  (the  shaft  horsepower  developed  for  each  lb/sec 
ol  airLlow)  relates  power  to  airflow,  where  specific  power  is 
primarily  a  function  of  turbine- inlet  temperature.  The 
relationships  of  power  per  pound  of  airflow  and  engine  weight 
per  pound  of  airflow  combined  should  permit  correlation  of  the 
power-to-we lght  ratio  for  engines  as  a  function  of  turbine- 
inlet  temperature  (Figure  Jl).  The  size  of  the  engines 
considered,  however,  has  a  substantial  impact  on  the  correla¬ 
tion.  As  engines  become  smaller,  limits  due  to  allowable 
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tolerances  are  encountered  for  blade  chords,  material  thick¬ 
nesses,  and  other  dimensions.  Limit  my  bearing  dimensions 
also  create  a  problem  in  scaling  engines  to  smaller  sizes. 
Tolerances  have  a  greater  impact  on  component  performance 
which  can  be  achieved,  and  consequently  th“  specific  power 
decreases.  As  a  result,  the  power-to-weight  ratios  for 
engines  in  the  J-  to  -l -lb/sec  range  can  be  expected  to  be 
lower  than  those  for  engines  in  the  7-  to  10- lb/sec  range. 

Of  the  small  turboshaft  engines  considered,  those  m  the  3- 
to  4-lb/sec  range  had  approximately  ll*00°F  turbine- inlet 
temperatures,  while  those  in  the  7-  to  10-lb/scc  range  had 
turbine- inlet  temperatures  from  2200°!  to  !300°F.  This  inter¬ 
relationship  between  size  class  and  turbm*'  temperature,  m 
conjunction  with  the  specific  power  rclat lonship,  suggested  a 
direct  correlation  of  power - t o-we lyht  ratio  with  engine  power. 
In  Figure  32,  the  power-to-weight  parameter  was  correlated 
solely  as  a  function  of  the  engine  rated  power.  Based  on 
these  considerations,  4.  IS  was  chosen  as  a  reasonable  value  lor 
power-to-we lght  ratio  for  a  1000-shp  available-technology 
engine,  and  was  used  in  subsequent  study  tasks. 
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REGENERATIVE  ENGINE  DESIGN  PA RAMET C  RS 


I’ lie  engines  in  Reference  1  were  designed  with  a  9:1  compressor 
pressure  ratio,  very  nearly  optimum  for  the  regenerative 
engines.  Compared  with  the  simple-cvcle  engine,  the  lower 
pressure  ratio  for  the  regenerative  engine  results  in  lower 
compressor- ex it  temperature,  higher  turbine— exit  temperature, 
and  greater  benefit  from  the  recuperator,  leading  to  the 
desired  effect  on  engine  SFC. 

Tor  the  particular  time  frame,  or  state  of  the  art,  of  this 
engine  ( 1  * 7 A  m  this  instance),  the  compressor  pressure  ratio 
and  turbine- inlet  temperature  are  also  interrelated  with  both 
cor. pressor  and  turbine  con  i  igurat  ions .  Die  compressor  for  the 
regenerative  engines  in  Reference  1  required  only  one  ax'al 
and  one  radial  stage  -  one  axial  stage  loss  than  the  sirple- 
cycle  engine.  Correspondingly,  the  gas-generator  turbiie  had 
only  one  stage  -  one  less  than  its  counterpart  in  the  non- 
recuporat ive  engine.  These  changes  would  have  a  favorable 
ir.  pact  on  engine  weight.  An  additional  nonet  it  of  the  lower 
•  r  sure  rat  i  was  the  reduction  in  cooling  required,  as 
Illustrated  in  iigur  1  ,  with  t  se  attendant*  benefits  to  the 
cycle  per  forraiu'e . 

Th<  regenerative  engine  concepts  i1l.:ui  an  annular  recupera¬ 
tor  of  tubular  construction  wrapped  around  the  turbomach inery , 
producing  a  woll-intr orated  •  •ngine  design  which  was  compact 
mi.  1;  ihtweight.  f  nii-p  lilt  :  ;  l :  >  <  ■  were  defineci  for  values 

of  recuperator  effectiveness  fror  0.  10  to  0.80,  and  a  range  of 

pressure  loss,  witli  coni  igurat  ions  for  internal  and  external 

installation  on  the  aircraft.  The  output  shaft  was  located  at 

the  rear  ot  the  engine  con  1 igurat ions,  consistent  with  the 
s  inple -cycle  arran  jemont  discussed  in  the  previous  sect  ion  of 
thi:  report. 

...  t  t.  an;-  I,*,  n  :  »  *  a  '  i  ca:  o  -  il  i;*.ea  i\  i  th 

•aw  rat  r  '  it  si  is.  i:  t  ft  i  e  •  ;  ;  -in)  t  L  ^.i  per  at  arc  , 

.  •  v  ulu  b<  uViintii  i  '  .  t  (  i  a : : .  t  a  .  i .  *  in1,  t  r  p  r.it'ir  . 

.In  •  :  t  •>  •  r.i  ;  f  t  :  :  1 1  . 

r  i  select  eu  i  art-;-  Wer  •  null  l  w  ti.en,  • .  .  r  !  1  >w  w  ui  i  i> 

1  s  t  ftan  tout  of  i  st  a'  iaru  t  <u  iu  r  iLm  no  l  n  ,  which  w  uld 

contribut  to  .il  r  ised  recup*  r  dor  f  leet  iv  n  ss  mi  r  due  -d 
cor  pressure  loss.  i'or  these  r  usons,  vui  i  ibl  turbine 
i!  .'..:1c  vain  s  it*  both  the  j  a.  -  iui  r  it  or  turbine  end  power 

i,.  me  pern  it  regenerative  a.  j  .  s  gterat  ion  at  itigh  turbme- 
inljt  t  er.  natures  ov*  r  i  wid*  i  m  u-  ot  part  -power  con  lit  ions/ 


result  my  m  improved  part-power  per  torr  aim  pai'eu  with  the 

f  ixed-geometry  regenerative  e  name.  .11  '  :  a  a  !  or  r  j  nera- 

tive  engines  available  in  Re i ervne.  1,  i  ,  was  ! or  fixed- 

geometry  turbines .  Accordingly,  t  gr  .  •  .  o  .1  .-or  par isons  inti 

assessments  reported  m  this  dec  nr  *nt  : ,  >  :ei  ;  nly  thee 
fixed-geometry  regenerative  engine:;.  SUkinr,  and  assessn  <  nt  s 
of  variable-oeor  ..try  names  rue  a  iven  m  \pr  endix  IT. 

PREVIOUS  RESEARCH  AND  DEVELOPMENT 

Various  regenerator  concepts  tor  a.rcratt  ga:  uirisnu  enames 
have  been  designed  during  ti  t  past  dccu  :  ,  an  .  leve  l  >pmer.t  and 
test  programs  have  der  oust  rate  1  tim  pi':  rranee  pot  ••"t  mil  of 
regenerators  and  rogenerat ivi  engines. 

In  a  contractual  a  fort  for  "SVV.RDE,  A"C  I.  - 
Division  designed  a  r  cup  intor  'or  t  •-  ■  T  turbi  haft  eng  me 
(Reference  n)  .  In  the  tirst  pi  wise  ol  this  pr  grar  a  multi¬ 
wave  plate  core  construction  was  select,  eo  t  tdiwe  a  cor  pact, 
lightweight,  et  :  iciest  r  jem.  rat  or .  Test  c  r.s  i  re  fabricated 
by  stair.pi ng  individual  plat  s  and  nrazma  st  »  •  ;  lutes  m 

assembly.  E :  feet  i  veiu  r.s  ana  press. .re  i  ■  ■  ;  tvs'  res 

were  relatively  :kc  •  .  in  targ  '  ,  •  t  !  .  .  v  problems 

persist  'd  in  th_  bra.:  ai  as;  r  1.1  me. 


Because  of  the  core  leakage  pr  nler  w.ti.  this  construction,  i 
conventional  tube-type  recuperat  r  wa  designed  and  fabricated 
in  another  phase  of  tl  nrogror  .  T’u.  c  nc<  '  was  a  tw  iss, 
cross-counterflow  core  geometry  wit).  rpr  r  air  r  akin  a  twi 
passes  through  the  tubes  an!  exhaust  aas  rak.n;  one  puis  out¬ 
side  ot  and  perpendicular  t  these  tubes.  i  .p<  rati  r 

design  was  equivalent  t  i  '  .  e cl  :"e: r  *  :  !'  -E-  ' 

design  point  o:  11CO  :dq  md  1  .  V  1  o/se  c  *  i  :  1  v.  .  f'i.e 
recuperator  we a  iht  w  u  ,  1  •  r :  a  1  »r  twain 

t ! .  r  od  i  :  i  :  •  i  .  :  d  •  . 

on  t. lie  o'.  ;  i  :k  .  o  .  t  : 

2 1  .  '  ib/ln/sec  ■  1  '  • 
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Recuperator  Specific  Weight  -  lb/lb  air/sec 


target  value  fur  core  weight  was  10  lb/lb  air/sec  which  was 
equivalent  to  a  pccitic  weight  of  JO  lb/lb  air/scc  lor  the 
complete  rccuw'r  itor.  This  point  has  been  added  to  the  weight 
correlat  ion  m  i  jure  J3. 

The  prograr  was  discontinued  at  the  request  ot  The  hoeing 
Company  because  >f  fundamental  problems  associated  with  nigh 
production  costs  lor  the  modules  of  small -diameter  tubes, 
compounded  b*  i  n’ er  jranu  lar  corrosion  and  oxidation  in  the 
thin  walled  stainless  steel  material.  The  program  identified 
the  need  for  further  basic  research  in  tube  sine,  candidate 
materials,  at.:  i  atm  •  act  u  r  1  ng  techniques.  .Since  that  time, 
encouraging  r  u  tr.  iron  follow-on  programs  indi  at  •  th.it 
solutions  to  these  problems  nave  been  found. 

Allison  Division  ot  c.eneral  Motors  Corporation  performed  a 
flight  teat  program  with  a  regenerative  Tt>3  engine  in  a  YOll-oA 
helicopter  (Reference  8).  The  core  geometry  of  this  recupera¬ 
tor  was  a  tubular  concept,  two-pass  cros3 -count er f low  design. 
The  effectiveness  achieved  on  test  was  U.n07  with  an  H.lJ 
percent  pressure  loss.  Recuperator  weight  wa3  'j0.2  pounds, 
resulting  in  a  specific  weigh.t  of  1  r> . l)  lb/lb/sec,  wn  i  ch  bar 
been  plotted  ir.  !  i  j  ir  ii. 

For  j  urposes  of  comparison,  the  recuperator  weights  for  f  .<>  of 
the  parametric  engine  configurations  m  Reference  1  have  been 
included  m  Figure  3  3  -  the  A-l  configuration  designed  for 
external  engine  installatio?  (in  pods,  lor  example)  on  the 
aircraft  and  the  u-2  configuration  for  internal  inst al 1  at  ion . 
These  parametric  point  designs  were  configured  for  o.i)  percent 
total  pressure  loss.  Weights  for  the  A-l  parametric 
recuperators  should  have  been  and  were  reasonably  consistent 
with  previous  ( ren  I  data,  since  the  designs  included  external 
shells,  (leader:  ,  an:  hardware  usually  associated  with  the  heat 
exchanger.  Irie  B-2  configuration  were  signifi.  anti  iiuht'-r, 
because  their  unique  lesign  eliminate!  much  of  the  usual 
i  ccuperat or  hardware. 

AiResearch  Mai.u  f  actur  i  ng  Division  of  The  Carrot t  Formrat  ion 
participated  m  a  2-year  research  program  for  1  bAAMKDL  to 
determine  the  fiat  corrosion  mm  stance  and  rupture  siitnglhs 
of  thin-wall  tube  materials  :  ror  which  economic  lightwc  ight 
recupercato  r  s  could  be  constructed,  and  to  investigate  hot 
corrosion  mechanisms  at  temperatures  below  1j00°I  . 

Conn  mat  ions  os  tube  materials  and  braze  materials  wen  tested 
for  periods  up  to  loop  hours  at  temperatures  between  lioU  i  am 


I'jOOM  in  a  cyclic  hot  corrosion  test  rig.  A  recuperator 
:  abr 1  cat  ed  fror  two  such  combinations  of  tube  and  braze 
materials  was  tested  in  combustion  chamb  r  exhaust  contaminated 
with  sea-salt,  and  the  hot  corrosion  ncc  anisms  were  studied. 

That  study  program  was  completed  satisfactorily  and  was  used 
as  the  basis  for  design  projections  given  in  Reference  1. 

APVANChD-TLCIlNOLOGY  RKCCNCRATI  VP  TNG  I  MRS 

A 1  Research  designed  two  regenerative  engine  concepts  utilizing 
an  annular  recuperator  of  tubular  construction  wrapped  around 
the  turbo'- achmcry  to  give  compact,  lightweight  engine 
packages.  The  recuperator  was  considered  to  be  prime  structure 
and  acted  as  the  structural  backbone  o!  the  engine  assembly. 

The  engines  were  sized  for  approximately  1000  shp  -  actually 
t lie  design  airflow  of  each  engine  was  lb/sec.  The  engines 

could  be  scaled  over  a  narrow  range,  however,  without  change 
in  performance.  Two  enaine  concepts  were  selected:  one  for 
external  installation  on  the  aircraft  (labelled  Configura¬ 
tion  A  - 1 )  and  one  for  internal  installation  (labelled 
Con  i  i  jurat  ion  H-2 )  . 

A  ratrix  of  cna.ne  design  con  f  igur.it  i  on:;  was  established 
covering  a  range  of  values  of  recuperator  of  feet lvnness  from 
0.40  to  o.uo  ani  a  range  of  values  of  pressure  loss  from 
4  percent  to  10  percent.  fror  this  matrix  of  engine  configura¬ 
tions,  three  regenerative  engines  have  been  selected  lor  the 
present  study,  with  recuperator  effectiveness  of  0.40,  O.h'j, 
and  0 . HO,  and  pressure  loss  of  10. o,  u.0,  and  4.0  percent, 
respect  ively.  lor  the  purpose  of  achieving  the  lightest 
possible  design,  only  the  H-2  eon!  rjui  ,it  ions  fror  Ht  ference  1 
v.  re  used  in  the  present  study. 

.  si  j  -!'  >i  it  i  ■  rforrance 

.j  . :  .g.'i-pomt  corponent  lata  as:  es  ;.m<-  ;  :  '  >rr  an  e  parameters 

wore  presi  :.U'U  for  the  above  three  r  gener  it  ive  ei. nines 
(fable  I  ).  turbine  e  f  !  i  1  l  ciic  l  e :  which  differed  slightly  iron 
those  quoted  in  inference  1  won  used  t  j  leconcile  the  engine 
des  l  gn  -  po  i  nt  performance.  Primaril  ,  the  differences  were  in 
turbine  efficiency  probably  because  of  somewhat  different  as¬ 
sumptions  ernloycd  in  the  thermodynamic  calculations.  These 
d.lfer  sees  have  no  appreciable  impact  on  the  eventual  solution 
However,  s  met  the  only  purpose  m  formulating  the  data  was  to 
establish  the  ues  ign-oo  i  nt  baseline  for  tin  subsequent 
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TABLE  IV.  REGENEEATIVE  ENGINE  DESIGN-POINT  P ARAMETE RS 
_  (REFERENCE  1) _ _ 


Recuperator  Effectiveness* 
.40  .65  .RO 

Compressor 

Inlet  Airflow,  lb/sec 

3.0 

5.0 

5.0 

Pressure  Rat io 

9.0 

9.0 

9.0 

Adiabatic  Efficiency* 

.82 

.82 

.82 

Exit  Temperature,  °F 

601. 

601. 

bOl. 

Cooling-Air  Bleed/lnlet  Airflow* 

.035 

.035 

.035 

Leakage/lnlet  Airflow 

.015 

.015 

.015 

Recuperator  -  Air-Side 

Inlet  Flow,  lb/sec 

4.75 

4.75 

4.75 

Pressure  Loss* 

.040 

.024 

.016 

Exit  Temperature,  °F 

906. 

1081. 

1181. 

Combustor 

E ; f iciency* 

.99 

.99 

.99 

Euel/compressor  Inlet  Airflow 

.  0221 

.0195 

.0179 

Pressure  Loss* 

.03 

.03 

.03 

Gas  Generator  Turbine 

Inlet  Temperature,  °F 

2  300. 

2300. 

2300. 

Inlet  Flow,  lb/sec 

4.861 

4.848 

4.840 

Mechanical  Efficiency* 

.975 

.975 

.975 

Exit  Temperature,  °E 

1829. 

1828. 

1827. 

Adiabatic  Efficiency* 

.875 

.87  5 

CO 

-0 

Pressure  Rat  to 

2.55 

2 . 56 

2 . 56 

Interstage  Turbine  Diffuser 
(3  Percent  Cooling-Air  Mixed) 

Pressure  Loss* 

.03 

.03 

.03 

Power  Turbine 

Inlet  Temperature,  °E 

1806. 

1805  . 

1804. 

Inlet  Flow,  lb/sec 

5.011 

4.998 

4.990 

Exit  Temperature,  °E 

1345  . 

1329. 

1320. 

Adiabatic  Efficiency* 

.  91 

.91 

.91 

Pressure  Ratio 

2.88 

2 . 99 

3 . 05 

Exhaust  Diffuser 

Pressure  Ratio 

1 . 04 

1 . 04 

1.04 

Recuperator  -  Gas-Side 

Inlet  Flow,  lb/sec 

5.011 

4 . 998 

4 . 990 

Pressure  Loss* 

.  06 

.  03  6 

.024 

Exit  Temperature,  °E 

1068. 

900. 

794  . 

Specific  Power,  hp/lb/sec 

187.3 

192 . 7 

193.4 

Shaft  Power,  lip 

93  7. 

964  . 

977. 

SEC,  lb/hr/hp 

.425 

.3u4 

.331 

♦Efficiencies,  effectiveness,  pressure  losses, 
leakage  flows  expressed  as  decimal  fractions. 
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and 
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off-design  calculations.  The  shaft  horsepower  and  SFC  for  the 
regenerative  engines  were  in  agreement  with  the  data  in 
Reference  1. 

Off-Design  Performance 


Off-design  performance  was  developed  for  the  three  regenerative 
engines  to  provide  data  for  the  spectrum  of  altitude-ambient 
temperature  conditions,  flight  speeds,  and  aircraft  power 
requirements.  The  assumed  compressor  performance  map  for  the 
regenerative  engines  was  plotted  in  Figure  34,  with  the 
efficiency  trend  along  the  engine  operating  line.  Gas- 
generator  turbine  efficiency  was  assumed  constant  along  its 
operating  line.  The  power  turbine  efficiency  trend  at  optimum 
output-shaft  speed  (Figure  35)  was  calculated  from  typical  two- 
stage  turbine  performance  characteristics.  The  decrease  in 
engine  airflow  at  part-power  operating  conditions  resulted  in 
an  increase  in  recuperator  effectiveness  and  a  decrease  in 
total  pressure  drop.  These  changes  in  recuperator  part-power 
perfrrmance  were  plotted  in  Figures  36  and  37. 

Results  of  the  off-design  performance  calculations  were 
plotted  in  Figures  38,  39,  and  40  in  the  format  of  referred 
shaft  horsepower  and  referred  fuel  flow  as  a  function  of 
referred  turbine-inlet  temperature  for  various  flight  speeds  - 
at  optimum  output  shaft  speed. 

Corrections  for  nonoptimum  output  shaft  speed  were  the  same  as 
in  the  case  of  the  simple-cycle  engines.  Figures  20  and  21. 

The  turbine-inlet  temperatures  of  the  regenerative  engines  were 
selected  as  2150°F  at  Normal  Rated  Power  and  2300°F  at 
Military  Rated  Power,  consistent  with  the  advanced-technology 
simple-cycle  configuration. 

Engine  Configuration 


A  cross-section  arawing  of  the  0.65  effectiveness  regenerative 
engine  is  given  in  Figure  41.  The  turbomachinery  flow  path 
would  be  identical  for  all  three  values  of  effectiveness,  the 
only  difference  being  the  dimensions  of  the  annular  recuperator. 
Referring  to  Table  I,  engine  length  with  the  0.40  effectiveness 
recuperator  would  be  the  same  as  shown  in  Figure  41  for  the 
0.65  effectiveness,  but  the  longer  tube  length  for  the  0.80 
effectiveness  recuperator  would  result  in  a  longer  overall 
engine  length. 
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Power  Turbine  Pressure  Ratio 


gure  35.  Power  Turbine  Off-Design  Efficiency  Trend 
for  1000-SHP  Advanced-Technology 
Regenerative  Engine. 


e  36.  Increase  in  Recuperator  Effectiveness  at  Part 
Power  Flows. 
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Recuperator  Total  Pressure  Loss 
Inlet  Total  Pressure 


Figure  37. 


Decrease  in  Recuperator  Pressure  Loss  at  Part- 
Power  Flows. 
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Referred  Shaft  Horsepower,  SHP/  6 
Referred  Fuel  Flow,  Wf/  <f  -y/e  -  lb 


Shaft  Horsepower,  SHP/  Cf  -y/e  -  shp 
Fuel  Flow,  Vlf/d  -y/e  -  lb/hr 


Engine  Weight 


Regenerative  engine  weights  were  scaled  linearly  in  proportion 
to  power  over  the  narrow  range  required  to  normalize  data  to 
the  1000-shp  size,  using  the  data  in  Table  I,  and  dry  weights 
for  regenerative  and  nonregenerat ive  1000-shp  engines  were 
plotted  in  Figure  42  to  be  used  in  the  aircraft  conceptual 
designs.  In  Figure  42  the  rapid  increase  in  regenerative 
engine  weight  at  high  values  of  ef *-'nct ivenesp  was  readily 
apparent.  This  engine  weight  incroujo  more  than  offset 
decreased  fuel  requirements  resulting  from  improvements  in  SFC 
as  effectiveness  approached  0.80.  Consequently,  the  optimum 
recuperator  from  an  aircraft  gross  weight  standpoint  had  an 
effectiveness  considerably  less  than  0.80. 

Engine  Reliability,  Maintainability 

Regenerative  engine  reliability  and  maintainability  data  were 
provided  by  AiResearch  and  have  been  included  with  data  for 
the  other  aircraft  subsystems  in  the  Aircraft  Comparative 
Analyses  section  of  this  report. 

Engine  Cost 

Development  costs  for  simple-cycle  engines  were  correlated  in 
Figure  23.  Data  provided  by  AiResearch  indicated  that  develop¬ 
ment  costs  for  regenerative  engines  would  be  20  percent  higher 
than  those  for  simple-cycle  engines.  This  increase  should 
reflect  costs  for  design,  prototype  (and  production)  tooling, 
material,  fabrication,  assembly,  and  component  testing 
applicable  only  to  the  recuperator,  since  such  costs  for  other 
engine  components  as  well  as  requirements  for  engine  endurance 
testing  to  achieve  qualification  would  be  the  same  for  both 
regenerative  and  nonregenerat ive  engines. 

Procurement  costs  for  turboshaft  engines  were  plotted  in 
Figure  24.  The  slope  of  these  trend  curves  should  be  appli¬ 
cable  to  both  regenerative  and  nonregenerative  engines. 
Reference  1  provided  the  cost  data  for  the  engine  configura¬ 
tions  in  Table  IV,  which  were  plotted  as  point  data  in 
Figure  24  with  the  trend  lines  to  scale  the  cost  data  to 
larger  engine  sizes. 
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Engine  Dry  Weight 


Figure  42.  Dry  Weights  for  1000-SHP  Regenerative  and  Non- 
regenerative  Engines. 


AIRCRAFT  CONI’ IGF RAT ION  STUDILS 


A  conceptual  design  oi  an  aircratt  was  required  in  which  each 
propulsion  systen  could  be  installed  and  evaluated  in 
comparison  with  the  other  candidate  systems.  Boeing  performed 
sufficient  vehicle  advanced  design  to  del  me  the  characteris¬ 
tics  of  a  utility  transport  helicopter  which  could  enter 
production  in  1975.  Primary  and  secondary  missions  defined  lor 
this  aircraft  in  the  AIRCRAFT  MISSION  DEFINITION  section 
generally  established  payload  and  range  requirements,  cargo 
compartment  size,  and  crew  accommodations. 

BASELINE  AIRCRAFT 

An  aircraft  configuration  was  outlined  with  installed  power  in 
the  1000-shp  class,  suitable  for  the  utility  mission  and  pay- 
load,  which  was  selected  as  1200  pounds.  It  was  recognized 
that  to  achieve  the  design  payload  of  1200  pounds,  however, 
somewhat  more  than  1000  shp  might  be  required.  Engine  perform¬ 
ance  previously  developed  would  be  assumed  unchanged  over  a 
narrow  scaling  range,  but  engine  weight  would  be  scaled  as  a 
function  of  required  shaft  horsepower.  A  baseline  helicopter 
is  pictured  in  Figure  43.  A  single  main  rotor  plus  tail  rotor 
arrangement  was  selected  as  the  most  practical  system  for  a 
utility  transport  aircraft  of  this  size.  The  design  had  a 
high  tail  boom,  and  sliding  cargo  compartment  doors  were 
incorporated  to  facilitate  the  loading  of  cargo  or  litter 
patients.  The  cargo  compartment  provided  removable  passenger 
accommodations  for  four  to  five  people,  and  space  was  provided 
for  a  pilot,  copilot,  and  gunner.  The  high  tail  boom,  in-line 
dynamic  system  components,  and  flat-deck  engine  mounting 
arrangement  were  well  suited  to  evaluate  alternative  engine 
concepts  and  installations. 

A  40-foot- diameter  growth  version  of  the  Boeing  BO-105  four- 
bladed,  rigid-rotor  system  was  selected  as  the  appropriate 
size  for  the  study  aircraft,  in  addition  to  representing  1975 
helicopter  technology.  Tail  rotor  diameter  was  sized  to  give 
ample  yaw  control  in  all  modes  of  flight,  plus  main  rotor 
torque  compensation. 

Other  features  of  the  baseline  vehicle  design  are: 

1.  Open  access  between  cargo  compartment  and  cockpit 
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Figure  43.  General  Arrangement  Drawing  of  Baseline 
Utility  Transport  Helicopter. 
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2.  Bel ly-mounted  self-sealing  fuel  cell,  with  "go-home" 
separate  fuel  system 

3.  Single-point  pressure  fueling 

4.  Low  level  of  cargo  deck  with  loading  possible 
from  three  sides 

5.  Dynamic  components  located  above,  and  protected 
by,  basic  structure  and  main  fuel  cell 

6.  Tail  rotor  above  the  heads  of  ground  personnel 
and  providing  more  than  adequate  landing  flare 
angle 

7.  Adequate  ground-to-bellv  clearance  for  rough 
field  operation 

8.  Integrated  main  rotor  and  power  transmission 
system 

9.  Main  rotor  brake,  foldable  blades,  and  removable 
conical  section  tail  boon 

Other  considerations  in  the  basic  design  aimed  at  minimizing 
cost  were: 

1.  External  sliding  cargo  doors 

2.  Tail  rotor  drive  divided  into  equal-length, 
interchangeable,  segments 

3.  Simplified  spring-tube  landing  gear 

4.  Fuselage  mold  lines  incorporating  a  minimum  of 
compound  curvature 

ALTERNAT IVE  CONCEPTUAL  DESIGNS 


Internally-mounted  single-engine  propulsion  systems  and 
internally-  and  externally-mounted  twin-engine  propulsion 
systems,  with  regenerative  and  nonregenerat ive  engines,  were 
investigated.  Because  twin-engine  aircraft  could  offer  in¬ 
creased  mission  reliability,  these  configurations  were 
included  among  the  conceptual  designs  generated. 
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The  advanced-technology  engine  designs  presented  in 
Reference  1  all  had  a  rear-drive  output  shaft.  Therefore,  the 
engines  were  located  forward  of  the  mam  transm  iss  ion  m  the 
aircraft  with  the  internal ly-mounted  single  engines  nrri  twin 
engines.  For  the  twin-engine  aircraft  with  external  mounting, 
the  engines  were  oriented  laterally,  driving  inboard  into  the 
sides  of  the  main  transmission.  In  this  concept,  the  engines 
were  mounted  in  wing-like  structures  -  the  intakes  were  out¬ 
board  facing  forward  and  turned  th  'nlet  air  ‘10°  to  the 
engine  inlet  flange,  while  the  exhaust  turned  the  hot  gas  l)0n 
in  the  aft  direction.  A  preliminary  integration  of  propulsion 
system  arrangements  and  basic  airframe  was  accompl  ished, 
including  a  cursory  investigation  of  engine  air  intake  and 
exhaust  systems,  engine  cooling,  and  accessories,  to  determine 
which  concepts  should  be  retained  for  further  consideration. 


Comparative  weight  and  per forrrancc  analyses  were  conducted 
for  each  of  six  conceptual  designs  with  the  following  propul¬ 
sion  systems: 


1.  Single-engine,  regenerative,  internally-mounted 

2.  Single-engine,  nonr egenerat l ve ,  internally-mounted 


3. 

4. 

5. 

6. 


Twin-eng  me , 
Twin-engine, 
Twin-engine, 
Twin-engine, 


regenerative,  internally-mounted 
nonregenerative,  internal ly -mounted 
regenerat l ve,  externally-mounted 
nonregenerative,  externally-mounted 


These  six  concepts  were  reduced  to  three  possible  options  to 
assess  the  impact  of  the  engine  installation  on  the  aircraft 
design.  The  three  options  are  pictured  in  Figure  44.  A 
ranking  system  vas  devised  to  compare  the  three  options,  and 
the  criteria  considered  are  listed  in  Table  V.  An  "X"  was 
used  to  mark  the  best  propulsion  system  option  for  each  of 
these  selected  criteria. 


The  single-engine  designs  proved  to  be  the  best,  or  equivalent 
to  the  best,  for  all  but  a  few  of  the  evaluation  criteria. 

The  conclusion  drawn  from  this  ranking  exercise  was  that  the 
single-engine  aircraft  was  the  best  configuration  for  a 
helicopter  performing  a  utility  transport  mission.  The  single¬ 
engine  aircraft  were  lighter,  had  a  higher  payload-to-empty 
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TABLE  V.  RANKING  CHART  FOR  ASSESSMENT  OF  SINGLE 
VERSUS  TWIN-ENGINE  UTILITY  HELICOPTERS 

-ENGINE 

Option 

Option 

Option 

Evaluation  Criteria 

I 

II 

III 

Primary  Importance 

Aircraft  Configuration 

Gross  Weight 

X 

Payload/Empty  Weight 

X 

Aircraft  System 

Emergency  (O.E.I.)  Capability 

X 

Re  liabi lity-Availabi lity 

X 

Cost/Producibility 

X 

Secondary  Importance 

Power plant 

Engine  Performance 

X 

X 

Power  Management 

X 

Maintainability 

X 

Drive  System 

No.  of  Gearboxes 

X 

X 

X 

No.  of  Gears,  Drive  Efficiency 

X 

Drive  System  Weight 

X 

Aircraft  Configuration 

Design  Complexity  (Subsystems' 

X 

Drag,  Forward  Flight 

X 

X 

Download 

X 

X 

Aircraft  System 

Vulnerability 

X 

X 

Flight  Safety/Survivability 

X 

Minor  Importance 

Powerplant 

Separator  Integration 

X 

Potential  FOD  Problem 

X 

IR  Suppressor  Integration 

X 

Engine  Interchangeability 

X 

Growth  Potential 

X 

Aircraft  Configuration 

Fuselage  Structural  Interface 

X 

Firewall  Requirements 

X 

Powerplant  Cooling  Problems 

X 

Aircraft  Center  of  Gravity 

X 

X 

X 

Stability  Effects 

X 

X 

X 

Aircraft  System 

Ground  Safety (Inlet/Exhaust) 

X 

X 

X 

Transportability 

X 
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weight  ratio,  were  more  reliable  and  available,  were  less 
expensive  and  easier  to  maintain,  and  showed  less  mechanical 
complexity.  The  relative  importance  of  engine-inoperative 
capability  would  be  the  only  factor  leading  toward  twin-engine 
helicopters.  Therefore,  single-engine  aircraft  were  retained 
for  subsequent  study  tasks,  with  propulsion  systems  including: 

1.  A  simple-cycle  advanced-technology  engine 

2.  A  simple-cycle  available-technology  engine 

3.  Regenerative  advanced-technology  engines  with 
recuperators  having  three  different  values  of 
effect iveness 

Data  pertaining  to  the  twin-engine  designs  are  given  in 
Appendix  I.  The  subsequent  tasks  involved  comparisons  of 
regenerative  and  nonregenerat ive  engines  in  the  aircraft 
installation  -  comparisons  which  would  be  equally  valid  for 
either  single-engine  or  twin-engine  helicopters. 

PARAMETRIC  PERFORMANCE.  WEIGHT  STUPIDS 

Parametric  performance  and  weight  data  were  developed  for  each 
of  the  five  aircraft  design  concepts  just  enumerated  with  five 
different  single-engine  propulsion  systems.  Three  different 
parametric  gross  weights  were  selected  for  each  aircraft  design 
concept,  and  hover  performance,  installed  power,  fuel  require¬ 
ments,  and  aircraft  subsystem  weights  were  calculated  for  each 
parametric  gross  weight.  Each  aircraft  resulted  in  a  different 
payload.  From  the  trends  developed,  the  final  design-point 
aircraft  was  determined  which  carried  the  1200-pound  design 
payload  for  the  design  mission.  The  parametric  studies  pro¬ 
duced  design-point  characteristics  for  each  of  the  five  air¬ 
craft  with  five  different  single-engine  propulsion  systems. 
Mission  suitability  analyses  were  undertaken  for  each  of  the 
five  aircraft. 

Aircraft  Drag  Characteristics 

A  drag  buildup  was  calculated  for  all  aircraft,  and  a  drag 
summary  has  been  included  for  the  3 ingle-engine  aircraft 
powered  by  regenerative  and  nonregenerat ive  engines.  Drag 
was  determined  by  considering  the  dimensions  and  shape  of  each 
aircraft  component,  and  the  drag  estimation  was  based  on 
Reference  11,  in  addition  to  data  developed  by  Boeing. 
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Friction  coefficients  were  calculated  using  a  value  of  Reynolds 
number  per  unit  length  of  1.19  x  10^  (which  assumed  a  cruise 
speed  of  145  kn  at  4000  ft,  95°F  ambient  conditions).  The 
results  are  summarized  in  Tables  VI  and  VII. 

Due  to  the  basic  similarity  of  the  configurations  with 
regenerative  and  nonregenerat ive  engines,  the  total  flatplate 
drag  (Fe)  was  virtually  the  same. 

Hover  Performance 


A  40-foot  rotor  diameter,  which  was  the  size  of  a  growth 
BO-105  rotor,  was  selected  because  it  was  commensurate  with 
the  dimensions  of  the  proposed  helicopter.  The  40-foot  dia¬ 
meter  also  allowed  a  reasonable  excursion  in  parametric  disc 
loadings  for  the  various  gross  weights  considered. 

The  requirement  that  the  aircraft  be  capable  of  withstanding 
1.5  g's  acceleration  in  hover  without  encountering  rotorblade 
stall  flutter  established  the  rotor  solidity.  For  blades  of 
the  type  used  in  this  study,  the  stall  flutter  boundary  in 
terms  of  the  ratio  of  thrust  coefficient  to  solidity  (CT/0"  ) 
is  shown  in  Figure  45.  Solidity  of  the  present  BO-105  rotor, 

<T  =  0.07,  was  selected  as  the  minimum  limiting  value,  to 
assure  the  structural  and  aeroelastic  integrity  of  the  rotor 
blade. 

Tip  speed,  VT  =  716  ft/sec,  was  selected  as  representative  of 
the  growth  BO-105  rotor.  At  the  design  cruise  speed,  then, 
the  Mach  number  at  the  tip  of  the  advancing  blade  would  be 
less  than  0.915,  the  Mach  number  at  which  compressibility 
effects  would  be  encountered  (established  by  airfoil  thickness- 
chord  ratio  and  section  characteristics). 

Figure  46,  based  upon  nonuniform  downwash  velocities  under  a 
hovering  rotor,  was  used  to  determine  fuselage  download  in 
hover.  An  additional  download  was  calculated  as  a  function  of 
disc  loading  and  ambient  conditions  to  provide  500  ft/min 
vertical  rate  of  climb.  A  constant  value  of  1.5  percent  of 
the  download  was  estimated  for  trim  and  control. 

Rotor  f igure-of-mer it  was  plotted  as  a  function  of  thrust  co¬ 
efficient  and  solidity  in  Figure  47.  This  relationship  was 
obtained  by  analysis  of  a  rotor  having  the  dimensional  and 
aerodynamic  characteristics  of  the  BO-105  rotor  in  the  explicit 
vortex  influence  program  developed  by  Boeing.  The  rotor  system 
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TABLE  VI.  DRAG  BUILDUP  FOR  AIRCRAFT  WITH 

REGENERATIVE  ENGINE 

(REYNOLDS  NUMBER  PER  UNIT  LENGTH  =  1.19  * 

10°) 

Wetted 

Increment 

in 

Component 

Component 

Area.  Aw 
(ft5) 

Flat-Plate 

Drag 

Ee 

Percent 

Incr.  in  Fe 

(ft-2) 

Fuselage 

358. 

Basic  F£ 

1 .  09< 

3-Dimensional  Effects 

.  302 

Afterbody 

1.485 

Canopy 

.098 

Excrescences 

.431 

3.412 

(Including  Sliding 
Doors) 

Main  Rotor  Pylon/Engina 

Nacelle 

Basic  Fe  (Including 

.  668 

Interference,  3-D 
Effects ) 

Excrescences 

25. 

.167 

.835 

Horizontal  Tail 

24.3 

Basic  Fe 

.0896 

3-Dimensional  Effects 

CO 

CM 

.0251 

Interference 

.0059 

Excrescences 

4. 

.0046 

.125 

Vertical  Tail 

18.65 

Basic  Fe 

.0671 

3-Dimensional  Effects 

160. 

.1075 

Interference 

.0861 

Exc  vuscences 

4. 

.0070 

.268 

Nacelles 

3-Dimensional  Effects 
Interference 

Excrescences 

Inlets  &  Exhausts 

.278 

Rotor  Hubs 

Main  Rotor  Hubs 

3.000 

(Including  Hub-Pylon 
Interference) 

Tail  Rotor 

1.400 

4.400 

Miscellaneous 

Roughness  (5%  of 

.125 

ZCfAw) 

Cooling  Momentum 

.220 

Landing  Skids 

1.439 

1.784 

TOTAL 

11.102 
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TABLE  VII.  DRAG  BUILDUP  FOR  AIRCRAFT  WITH  SIMPLE-CYCLE 


ENGINE  (REYNOLDS  NUMBER  PER  UNIT  LENGTH  =  1 . 19x1#) 


Wetced 

Increment  in 

Component 

Component 

Area  Aw 
(ft2) 

Flat-Plate  Drag 

Fe 

Percent 

Incr.in  Fe 

(ft2) 

Fuselage 

3  38. 

— 

Basic  Fe 

1.090 

3-Dimensional  Effects 

.300 

Afterbody 

1.485 

Canopy 

.098 

Excrescences 

.430 

3.403 

(Including  Sliding 
Doors ) 

Main  Rotor  Pylon/Engine 

Nacelle 

Basic  Fe  (Including 
Interference, 

3-D  Effects) 

.668 

Excrescences 

25 . 

.167 

.835 

Horizontal  Tail 

24.3 

Basic  Fe 

.0896 

3-Dimensional  Effects 

28. 

.0251 

Interference 

Excrescences 

4. 

.125 

Vertical  Tail 

18.65 

Basic  Fe 

.0671 

3-Dimensional  Effects 

160. 

.1075 

Interference 

.0861 

Excrescences 

4. 

.268 

Nacelles 

3-Dimensional  Effects 

Interference 

Excrescences 

Inlets  &  Exhausts 

.164 

Rotor  Hubs 

Main  Rotor  Hubs 

3.000 

(Including  Hub-Pylon 
Interference) 

Tail  Rotor 

1.400 

4.400 

Miscellaneous 

Roughness  (5/  of 

ICfA.) 

Cooling  Momentum 

.12  5 

.220 

Landing  Skids 

1.439 

1.784 

Total 

10.979 
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Fuselage  Width/Rotor  Diameter 


Figure  46.  Single-Rotor  Helicopter  Fuselage  Download. 


Figure  47.  Carpet  Plot  of  Hover  Performance  Parameters 
for  BO-105  Type  Rotor. 
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The  tip  speed  of  the  two-bladed  tail  rotor  was  716  ft/sec,  and 
its  solidity  was  0.11,  resulting  in  an  efficiency  of  0.712. 
These  parameters  were  used  in  defining  95  percent  Military 
Rated  Power  at  the  altitude,  hot-day  takeoff  condition,  and 
subsequently  the  installed  power  of  the  engine  at  sea  level, 
59°F . 

Cruise  Performance 


Cruise  power  required  for  each  configuration  was  determined 
from  generalized  rotor  maps,  developed  from  BO-105  helicopter 
data.  Basic  performance  data  for  this  aircraft  are  shown  in 
Figure  48.  Rotor  horsepower  was  established  from  these  basic 
curves  of  installed  power  required  for  various  gross  weights, 
eliminating  transmission  losses  and  tail  rotor  power.  The 
data  were  generalized  for  ease  of  application  in  the  parametric 
studies,  in  terms  of  the  generalized  rotor  lift  parameter,  L, 
and  the  generalized  rotor  power  parameter,  P: 


GW 

qD2CT 


(2) 


_  325.8  RHP 

p  _  - - - 

qD2a  VCR 


(3) 


The  generalized  rotor  performance  map  was  plotted  in  Figure  49. 
An  adjustment  is  required  for  the  value  of  P  obtained  from 
Figure  49  (for  the  BO-105  helicopter)  to  account  for  the 
difference  in  Fe  and  applicable  to  the  aircraft  being 
studied,  according  to  the  following  equations: 


pT0T  =  p  (Figure  49)  +APreF  + 


AFf 


D^CT 


'REF 


eREF 


REF 


D  V 


(E>  CT)ref 


(4) 

(5) 


'REF 


=  12.4  ft' 


(D20-)reF  =  72.5  ft2 
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Figure  48. 


Installed  Power  Required  for  the  BO-103  Helicopter. 


Figure  49.  Generalized  Rotor  Performance  Map  for  the  BO-105 
Rotor . 


AFe 


(6) 


SHP 


p  a  V 
TOT  '  CR 

325.8  T 


d2  a 


(7) 


The  advance  ratio  and  solidity  for  the  rotors  ot  the  aircraft 
being  studied  were  chosen  to  be  consistent  with  the  range  of 
data  for  the  BO-105,  so  no  corrections  in  these  parameters 
were  necessary. 


In  the  calculation  of  mission  fuel,  the  aircraft  weight  was 
stepped  for  each  segment  of  the  mission.  Therefore,  cruise 
power  was  maintained  constant  for  each  segment,  and  the  weight 
decrease  as  fuel  was  used  was  accounted  for  m  increased 
cruise  velocity,  as  follows: 


2 

Length  seqment  (SFC) (SHP) 

-.01VcRq  +  1.8VCRo 

VCR 

2 

GW0 

(8) 
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Performance  and  weight  data  were  calculated  for  each  aircraft 
conceptual  design  at  three  disc  loadings  and  three  correspond¬ 
ing  gross  weights.  The  aircraft  were  designed  to  cruise  at 
Normal  Rated  Power.  Then,  the  payload  capability  of  each 
parametric  aircraft  was  determined  as  a  function  of  gross 
weight  and  the  final  selected  design-point  helicopters  were 
chosen  to  match  the  design  payload  of  1200  pounds. 

Significant  performance  and  weight  .irameters  are  summarized 
in  Table  VIII  for  the  five  design-point  aircraft 
configurations . 


TABLE  VIII.  SUMMARY  OF  SINGLE-ENGINE  HELICOPTER 

CONFIGURATIONS  PERFORMING  DESIGN  UTILITY 

MISSION 

— 

Non-  j 

Regenerative 

Engines 

regene 

Eng 

*rat  ive 

ines 

E  f  fectiveness 

Adv. 

Avail . 

0.40 

0.65 

0 . 80 

Tech. 

Tech . 

Design  Gross  Weight,  lb 

6660 

6525 

6600 

6620 

7050 

Weight  Empty,  lb 

4211 

4151 

4257 

4162 

4494 

Fixed  Useful  Load,  lb 

780 

780 

780 

780 

780 

(Incl.  Mission  Equip¬ 
ment) 

Mission  Fuel,  lb 

469 

394 

363 

478 

576 

Payload,  lb 

1200 

1200 

1200 

1200 

1200 

2 

Disc  Loading,  lb/ft 

5.  30 

5.18 

5.25 

5.27 

5.62 

Installed  Power,  shp 

1155 

1120 

1145 

1165 

1292 

(Sea  level,  59°F,MRP) 

Transmission  Rating, shp 

855 

832 

846 

850 

925 

(4000  ft,  9 5°F ,  MRP) 

Tail  Rotor  Power,  shp 

67 

65 

67 

6  6 

72 

Total  Equivalent  Flat- 
plate  Area,  Fe,  ft 1 

11.10 

11.  10 

11.10 

10.98 

10.98 

VCR,  TAS,  kn 

143.5 

143.0 

1 J  3 . 2 

1 

.4  .  .  7 

145.8 

VQpT,  TAS,  kn 

75. 

75. 

75. 

_ 

» 

77. 

i 

78. 

- - | 
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Alternate  Mission  Suitability  Analyses 


Although  the  live  aircraft  were  designed  to  perform  a  utility 
transport  mission,  the  suitability  of  these  helicopters  for 
secondary  med ica 1 -evacuat  ion  and  observation  missions  was  also 
investigated,  and  the  results  are  summarized  m  Tables  IX  ;nd 
X. 

When  equipped  for  the  med  ica  1 -evacuat  ion  mission,  the  heli¬ 
copter  required  a  small  auxiliary  fuel  system  which  could  be 
readily  installed  and  fitted  easily  within  the  space  of  the 
unoccupied  cargo  area.  The  maximum  gross  weight  for  tins 
mission  exceeded  desiqn  takeoff  gross  weight  by  approximately 
1.0  percent,  which  was  within  the  engine  capability  at 
Military  Hated  Power.  However,  internal  fuel  capacity  was 
adequate  to  perform  the  observation  mission,  and  the  takeoff 
gross  weight  was  l^ss  than  the  design  gross  weight. 

Aircraft  Weights 


Weights  for  the  various  subsystems  were  developed  lrom  standard 
Boeing  trend  data.  The  following  assumptions  and  ground  rules 
were  established. 

1.  Main  and  tail  rotor  diameters  and  tip  speeds  and 
fuselage  configuration  were  considered  constant. 

2.  The  fixed  equipment  list  was  based  on  an  austere 
approach,  similar  to  the  Light  Observation 
Helicopters,  OH-6A  and  OH-58A.  Armament,  armor, 
and  specific  mission  equipment  were  included  in 
useful  load. 

3.  Since  the  utility  and  observation  missions  both 
required  VFR  conditions  for  observation,  it  was 
assumed  that  no  all-weather  avionics  would  be 
required.  Navigational  equipment  would  include 
only  the  simplest  systems. 

The  weight  trend  equations  used  in  the  study  are  presented  in 
Table  XI.  Those  parameters  which  were  constant  throughout  the 
analyses  were  itemized,  together  with  a  list  of  fixed  equipment. 
A  contingency  allowance  equal  to  0.5  percent  of  design  gross 
weight  was  included  in  the  gross  weight. 
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TABU  I  a.  SUMMARY  OF  S  I  NGI.F-LNGI  NF  IIFLICOPTFR  CONFIGURATIONS 
PLRFORM I NG  MU)  1  CAL  FVACUATION  MISSION 


0.40 

0.65 

I  0.80 

4211  . 

4151. 

1 

620. 

620  . 

270  . 

270. 

270. 

200. 

200. 

200  . 

60. 

60. 

60  . 

23. 

21 . 

20. 

469. 

3°4  . 

363  . 

96. 

83. 

77. 

565. 

477. 

440  . 

5867 


6716. 

6679. 

-940. 

5739. 

5703. 
+  940. 
6643  . 

6606. 
-940. 
5666 . 

5630. 
+  910. 

65  70  . 

6  5-3. 
-940  . 
5  5  9  3  . 


5441 


+  9  4  0 
6673 

6645 

-940 


Regenerative 
Fng  l  nus 


Ft  f  UCt  1  VOIIOSS 


Weight  Fmpty ,  lb 
Fixed  Useful  Load,  lb 
Mission  bquipment,  lb 
Medical  Attendant,  lb 
Litters  (4,  15  lb  each),  lb 
Auxiliary  Fuel  System,  lb 
Fue 1  ( 4a  i n  Tanks ) ,  lb 

Fue 1  ( Aux i 1 iary ) ,  lb 

Total  Fuel,  lb 


Takeoff  Gross  Weight,  lb 
Warm  Up,  Take  Off 
Cruise  Out  75  NM 
Landing  Weight,  lb 
Load  4  Litter  Patients 
at  235  lb  eacli 
Takeoff  Gross  Weight,  lb* 
Take  Off,  Cruise  15  NM 
Landing  Weight,  lb 
Unload  4  Litter  Patients 
Takeoff  Weight,  lb 
Take  Off,  Cruise  15  NM 
Landing  Weight,  lb 
Load  4  Litter  Patients 
Takeoff  Weight,  lb 
Take  Off,  Cruise  15  NM 
Landing  Weight,  lb 
Unload  4  Litter  Patients 
Takeoff  Weight,  lb 
Take  Off,  Cruise  15  NM 
Landing  Weight,  lb 
Load  4  Litter  Patients 
Takeoff  Weight,  lb 
Take  Off,  Cruise  15  NM 
Landing  Weight,  lb 
Unload  4  Litter  Patients 
Takeoff  Weight,  lb 
Take  Off 

Cruise  Return  75  NM 
Landing  Weight,  lb 
at  Base 


6499. 

-940. 


+  940. 
6469. 

64  37  . 
-940. 
5497  . 


5677 
+  940 
6617 

6589 

-940 

5649 

5621 
+  940 
6561 

6533 

-9  40 


5471 


*  The  minimum  gross  weight  for  takeoff  during 
exceeded  the  design  takeoff  gross  weight  by 
1.0'i.  This  was  within  the  hover  capability 


Nonregenera+ ive 
Hng i nus 


Adv .  Ava l 1 . 

Tech .  Tech . 


270. 
200. 
60. 
22  . 
478  . 

89. 
567  . 


5901  . 


.  5728, 

+  940, 

6668, 

.  6630. 

.  -940, 

.  5690. 

.  5653. 

.  +940. 

.  6593. 


.  -940 


5578 
.  +940, 

.  6518, 

6480, 
.  -940, 

5540, 


4494 

b20 

270 

200 

60 

26 

576 

118 

694 


6364  . 


6152  . 

+  940. 
7092. 

7046. 
-940. 
6106  . 

6062  . 
+  940. 
7002. 

6956. 

-940. 

6016. 

5972. 
+  940. 
6912  . 

6866  . 
-940. 
5926  . 


5391.  5739, 


this  mission 
approximately 
at  MRP. 
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TABLE  X.  SUMMARY  OF  SINGLE-ENGINE  HELICOPTER  CONFIGURATIONS 
PERFORMING  OBSERVATION  MISSION 


[eight  Emp 
xed  Usefu 
ssion  Equ 
(server,  11 
iel  (Main  r 

ikeoff  Groi 


Regenerat ive 

E 

ngines 

Effect iveness 

0.40 

0.65 

0.60  ' 

4211. 

4151. 

4257. 

620. 

620. 

620. 

120. 

120. 

120. 

200. 

200. 

200. 

469. 

394. 

363 

5620. 

5485. 

5560. 

5583. 

5455. 

5532  . 

5233. 

5147. 

5246. 

5210. 

5130. 

5230. 

Nonregenerative 

Engines 

1  Adv . 

Tech. 

Avail. 
Tech . 

4162. 

4494. 

620. 

620. 

120. 

120. 

200. 

200. 

478. 

576. 

5580. 

6010. 

5543. 

5965. 

5177. 

5523. 

5154. 

5495. 

♦Internal  fuel  was  adequate  to  perform  observation  mission. 
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WIGHT  TREND  EQUATIONS  AND  CONSTANT  PARAMETERS  PC*  AIRCRAFT  PARAMETRIC  CONFIGURATION  fTUDIES 


Group 
Rotor  iroup 


Tail  Group 
Tail  Rotor 

Horisontal  Tail 

vertical  Tail 


Land  inf  Gear  Group 

Flight  Control* 
Group 

Engina  Sactlon 
Eng i na  Mount* 
C<*»1  inq 


Propulsion  Group 
Enqin*  Dry  Weight 


Weight  Trend  Equation* 
0.67 

0-25/  BMP  W.  S/  V^L  \  I Rh,'  \  .. 


to  rftf  *c 


j,J 

"vT  ‘  ^  )l  L'h'(  lD,‘°  V»«u| 

■  125|  (^M^F',L~,Acc)  1o,10  w  j’ 


Wlq  -  0.022  DGW 


-  0.255  WR  ♦  25.5 


(  ^  )’ 

\  100  / 


|  *T  ^.-r  ) 

Cowling  structure  weights  wer>*  die. late, 1  (row  layout#  for  th* 
}  various  engine  inatal let  ion* . 


Puel  System 

Drive  System 


W_  ■  Ki  SHP» 


Constant  Parameters 


JR 

17.05 

r 

. 0756R  -  : 

VTL 

1.07  VT  - 

R 

20.  ft 

b 

4 

"d 

1.0 

rTR 

0.102  Ap* 

VTL 

1.07VT  -  ' 

2 

1u 

5.25 

SH 

14.8  ft2 

Sv 

9.2  ft2 

thrh 

10.15  ft 

TH\. 

22.75  ft 

VMWC 

160  kn 

h 

3.125  ft 

Tv 

5.25 

vWlX 

160  kn 

“y 

17.9  ft 

A  co 

1.0  ft 

F^cr  _  20.  for  Internal  Mount inq 
YJcr  •  12.  for  External  Mounting 


Eng  ins 
Heqeneret 1 ve 


«1  K2 

lb/ehp  lb 


Weiqhts  for  enqin*>  subsystems,  in  luding  the  sir  induction  degenerative 
system  and  particle  separator.  a/stem,  cooling  system, 

lubrication  eyetem,  controls,  an-1  etartif.g  system,  were  estimated  0.40  Effectiveness  .12  )5. 
or  calculated  baaed  on  enqine  installation  layouts.  Starting  0.t>5  Ef f ect ivenaas  .1447  36. 
system  weight  was  include!  1  r.  the  Me  tries!  group  weight.  0 . 80  Effectiveness  .2103  44. 


Wrs  -  0,661  Wf.  ♦  145  . 

I  _  .  0. « 

»n  ■  27l(^ 


Simple-Cycle 


Advanced-Technology  .09!  J  33. 
Ava ilable-Technoloqy  .20  30. 


Plead  Equipment 


vibration  Control 
Devices 


Auxiliary  Powerplent  Group  u  lb 

Instrument  Group  2) 

Hydraulics  end  Pneumetice  Group  0 

Electrical  Group  125 

Electronics  Group  150 

Armament  Group  50 

Furniehings  and  Equipment  Group  00 

A 1 r -Cond 1 1 ion  1 nq  end  Da-icing  30 

Total  440  lb 

The  fixed  equipment  list  wee  baaed  on  the  assumptions  end 
ground  rules  established  for  the  weights  analyses. 
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The  fixed  useful  load,  mission  equipment,  and  payload  for  the 
desiqn  mission  and  secondary  missions  are  itemized  below.  The 
fixed  useful  load  was  common  for  all  missions,  while  mis  .on 
equipment  and  payload  were  different  for  the  secondary 
missions . 


Fixed  Useful  Load: 

620  lb 

Crew  (3  at  200  lb  each) 

600  lb 

Trapped  Liquids 

10 

Engine  Oil 

10 

Desicrn  Mission  -  Utility: 

Fixed  Useful  Load 

620  lb 

Mission  Equipment 

160  lb 

Troop  Seats 

25 

5.56  MM  Machine  Gun 

12 

5.56  MM  Ammunition 

100 

Communications  Package 

23 

Required  Payload 

1200  lb 

Total 

1980  lb 

Medical-Evacuation  Mission: 

Fixed  Useful  Load 

620  lb 

Mission  Equipment 

2  70  lb 

Litter  Supports  and 

48 

Stanchions 

Medic's  Seat 

7 

Medical  Equipment 

100 

Machine  Gun,  Ammunition 

112 

Miscellaneous  Equipment 

3 

Required  Payload 

1200  lb 

Total 

2090  lb 

Observation  Mission 

Fixed  Useful  Load 

620  lb 

Mission  Equipment 

120  lb 

Observer's  Seat 

7 

Machine  Gun,  Ammunition 

112 

Miscellan  eous 

1 

Required  Payload 

200  lb 

Total 

940  lb 

PROPULSION/AIRFRAME  INTEGRATION 


•\  discussed  in  the  AIRCRAFT  CONFIGURATION  STUDIES  section  of 

report,  conceptual  designs  of  single-engine  utility 
->pters  retained  for  this  and  subsequent  tasks  included: 

1.  A  simple-cycle  advanced-cechnology  engire 

2.  A  simple-cycle  available-technology  engine 

3.  Regenerative  advanced-technology  engines  with 
regenerators  having  three  different  values  of 
effectiveness 

Engine  installations  were  integrated  with  the  airframe,  opti¬ 
mized  with  respect  to  inlet,  exhaust,  subsystems,  orientation, 
and  other  aspects  to  provide  the  best  possible  aircraft  weight, 
balance,  and  drag  characteristics.  Detailed  weight  analyses 
were  performed  and  vehicle  summary  weight  statements  were 
prepared  and  tabulated  in  Appendix  III.  Final  three-view 
aircraft  drawings  and  propulsion  system  installation  drawings 
were  prepared  for  the  helicopters  with  regenerative  engines 
having  0.40  and  0.80  effectiveness  and  for  the  helicopter 
powered  by  the  simple-cycle  available-technology  engine,  and 
these  drawings  have  been  included  in  the  text.  Use  of  the 
advanced-cechnology  simple-cycle  engine  would  produce  a  design 
identical  to  the  available-technology  engine,  except  for 
physical  dimensions  of  the  engine/  and  would  ease  installation 
problems . 

PROPULSION  SYSTEM  INTEGRATION  DESIGN 


One-quarter  scale  propulsion  system  installation  drawings  were 
prepared  for  each  aircraft  to  identify  detail  problems.  The 
drawings  for  the  two  regenerative  engines  and  one  simple-cycle 
engine  are  discussed  in  tne  following  paragraphs. 

Regenerative  Engines 

The  0.40  effectiveness  regenerative  engine  is  pictured  in 
figure  50  -  a  rear-drive  engine  with  40,000  rpm  output  shaft 
speed,  scaled  from  the  B-2  configuration  presented  in 
Reference  1  to  the  required  1155-shp.  The  engine  was  mounted 
forward  of  the  main  transmission.  The  engine  intake  is  at  the 
forward  end  of  the  cowl.  The  radial  flow  of  hot  gas  at  the 
exit  of  the  recuperator  is  collected  and  discharged  through 
elbows  which  exhaust  to  port  and  starboard,  aft  and  beyond  the 
cowl  mold  lines. 
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CON  T  AMINA  T  L  D  AIR  IN 


ALTERNATl  ENGINE  AIR 

CLEAN  AIRINTO  INTAKt  Wl  TH  HE  A  TE  l>  SCRE  E  N 

ENGINE  PLENUM  ' 


IT 


r 


*4 


ENGINE  FWD  I  IRE  WAll 


H 


PARTICLE  CONCENTRATION 
SCAVENGE  TO  OVERBOARD 
f  XHAUST 

HARRIER  FILTER  INTAKLS 
EACH  SIDE  TO  ENGINE 
ACCESSORY  COMPARTMENT 


COOLING  AIR  SUCTION 
DUCTS  TO  TRANSMISSION 
COMPARTMENT 


DETAIL  A 

HOVER  MOOE  ALTERNATE  ENGINE  AIR  INTAKE 


HI 

HOVER  IP 
MODE 
PLENUM 

A< 


ROTOR  HUH  PAIRING 


£=f 


POROUS  MEDIA  SEPARATOR 
PANEL 


ENGINE  EXHAUST  COLLECTOR 
OUTLETS 


-r’A 


ENGINE  HOT  Si  (  TlON 


V  R  E  Gt  N1  R  A  T  I  VI  I  N  < 

'  SHP  HEAR  DHIVI  < 
I  *\  IRE  SI  ARCH  MODI 


POHOUS  ME  [)■*. 
SEPARATOR 


s  ' 


L«.  F  I  IGH  T  l  l)M  R< 


COLLECTIVE  HYDRAULEC 
UNIT  &  DIRECTIONAL  CONTROLS 


TO  TRANSMISSION 
COMPARTMENT 


ENGINE  ACCESSORIES 


u\ 


F  MONT  MAIN  SHOCK 
ABSORPTION  ENGINE  MOUNTS 


E  NGINf  HOT  SECTION  ORAM 


Figure  50.  Propulsion  System  Installation,  Single 
Advanced-Technology  Regenerative  Engine 
(0.40  Effectiveness)  in  Utility  Helicopter. 
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TRANSMISSION  &  TRANSMISSION 

DHIVI  N  ACCISSORY  SECTION 

SECONDARY  HYDRAULIC  POWER  UNIT 


TRANSMISSION  OIL  COOLER/BLOWLH 


VW'  -  S  /r 


OIL  COOLER  BLOWER 
OVERBOARD  EXHAUST 


TAIL  ROTOR 
DRIVE 


A -  V 


BATTERY 


TRANSMISSION  OIL  TANK 

NO  2  Gl  NEHATOR 

SECONDARY  HYDRAULIC  POWER  UNIT 


1 


J 


E  ENGINE 

rtt.  40.000  RPM 
•  2.  REFERENCE  II 


CHOYVN  SPLINE  D  ENGINE 
DRIVE  SHAFT  PLUS  FLEX 
MOUSING  PERMIT  ENGINE 
GROWTH  A  MISALIGNMENT 

exhaust  com C TON 

Al  I  FIREWALL 
-A  9 - P  U 


ROTOR  HUB  FAIRING 

TRANSMISSION  IONE  STAGE  SPIRAL 
BEVEL  REOUCTION  TWO  STAGE 
PLANE  TARY  11/  1) 

•IOI ON  t ACM 

t MANS  I  Ifflt  PUMP 


■  ENGINE  INTAKE  AIR 
ACCESSORY  SECTION  COOLING 
'•  MOT  SECTION  COOLING  AIR 


TRANSMISSION  OIL  RESERVOIR 
BATTERY 


TAIL  ROTOR  DRIVE 


v, 

I 

ktCCTlON  DRAIN 


_ 


SHIELDED  HEAR  SHOCK 
ABORPTION  ENGINE  MOUNT 
PERMITS  ENGINE  GROWTH  & 
MISALIGNMENT 

OVE  RRUNNING  CLUTCH 


ACCESSORY  SECTION  COOI  ING 
AIR  OUCTS 


LATERAL  A  LONGITUDINAL 
CYCLIC  HYDRAULIC  UNITS 
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Power  transfer  to  the  main  transmission  is  accomplished  with  a 
crown-splined  coupling  shaft,  which  would  permit  small  amounts 
of  slip  and  misalignment  due  to  thermal  growth  of  the  engine, 
flight  deflection,  and  manufacturing  tolerances.  The  shaft  is 
enclosed  in  a  flexible  housing  and  is  lubricated  from  the  main 
transmission. 

Three-point  shock-absorption  engine  mounts  are  provided.  Two 
main  mounts  are  located  forward  in  the  accessory  section,  and 
one  center  mount  is  located  aft  under  the  output  drive  shaft. 
The  aft  mount  in  the  hot  section  allows  engine  growth,  and 
could  be  shielded  and  cooled  from  below  if  required. 

Firewalls  are  located  fore  and  aft  of  the  engine  hot  section. 
The  forward  firewall  is  attached  to  the  engine  flange  between 
the  accessory  section  and  the  exhaust  collector.  The  engine 
deck  and  cowl  are  sealed  against  the  firewall.  The  aft  fire¬ 
wall  shields  the  main  transmission  from  the  engine  hot  section, 
and  the  engine  cowl  and  transmission  access  panels  seal 
against  it. 

Engine  hot-section  cooling  is  accomplished  by  inducing  a  flow 
of  ambient  air  through  this  compartment,  using  the  engine 
exhaust  to  provide  ejector  action  at  the  outlets  of  the 
collector  elbows.  Cooling  air  enters  the  compartment  through 
a  screened  opening  at  the  upper-aft  end  and  is  drawn  forward 
and  down  over  the  engine  as  indicated  by  the  cross-hatched 
arrows  in  the  plan  view  of  Figure  50.  The  engine  accessory 
section  is  cooled  by  a  flow  of  air  through  screened  openings 
in  the  cowl  on  the  port  and  starboard  sides,  immediately  under 
the  engine  centerline.  Cooling  air  is  drawn  over  the  access¬ 
ory  section  by  the  oil  cooling/blower,  which  is  located  in  the 
main  transmission  section.  The  transmission  oil  cooler  was 
sized  to  produce  a  constant  suction  in  the  accessory  section 
cooling  air  ducts,  as  well  as  to  provide  a  cooling  flow  over 
the  transmission  and  transmission-driven  accessories.  Air 
from  the  oil  cooler/blower  is  discharged  from  the  starboard 
side  of  the  cowl.  Engine-accessory,  transmission,  and  trans- 
mission-accessory  cooling-air  flow  is  indicated  by  checked/ 
shaded  arrows  in  the  plan  view. 

Engine  intake  air  is  provided  by  a  ram-air  duct  during  forward 
flight  by  an  alternate  filtered-air  source  for  hover  operation. 
The  hover  system  includes  a  screened  intake  and  plenum  and  a 
particle  separator  panel  to  remove  contaminants .  A  closure 
door  for  the  ram  air  inlet  during  hover  operation  is  included. 
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Detail  "A"  illustrates  operation  of  the  alternate  air  intake 
system. 

The  upper  airframe  structure  was  designed  to  provide  a  solid 
attachment  for  the  main  transmission  as  well  as  support  for 
the  engine,  cowl,  accessories,  and  drives.  All  components 
were  mounted  on  top  of  the  structure  to  be  accessible  and 
removable  from  the  sides  and  top  after  opening  or  removing 
cowl  segments. 

The  main  engine  mount  supports  can  be  unbolted  at  the  deck  and 
the  rear  mount  at  its  attachment  to  the  engine,  resulting  in 
quick  engine  removal.  Engine  weight  is  174  pounds,  and  hoist¬ 
ing  can  be  accomplished  easily  with  a  makeshift  frame  and  a 
small  block  and  tackle. 

The  main  rotor  hub,  or  the  hub  and  transmission,  can  be 
removed  as  a  unit.  The  transmission  is  attached  to  the 
structure  with  a  bolted  flange  at  its  base.  Flight  controls 
can  be  disconnected  for  transmission  removal,  using  an  access 
panel  from  the  cargo  compartment. 

The  arrangement  of  dynamic  components  in  this  configuration 
enhanced  overall  balance  of  the  aircraft. 

The  0.80  effectiveness  regenerative  engine,  pictured  in 
Figure  51,  was  installed  in  an  identical  manner.  This  engine 
was  only  2.25  inches  larger  in  diameter  (with  exhaust  collector 
in  place)  and  4.5  inches  longer.  The  engine  was  scaled  from 
the  data  in  Reference  1  to  the  required  1145  shp,  and  it 
weighed  285  pounds. 

Simple-Cycle  Engine 


Figure  52  presents  the  installation  of  an  available-technology 
simple-cycle  engine  in  the  baseline  airframe.  A  rear-drive 
configuration  was  used,  to  be  comparative  with  the  regenerative 
engine  installations,  with  a  40,000-rpm  output-shaft  speed. 

The  engine  was  sized  for  1292  shp,  resulting  in  an  engine 
weight  of  296  pounds.  The  front  intake  is  conventional,  and  the 
exhaust  hood  concept  is  typical  of  rear-drive  shaft  engines. 

The  engine  diameter  is  14.5  inches  maximum,  and  its  overall 
length  is  36  inches.  A  simple  ram  intake  duct  is  fitted  to 
the  front  flange  of  the  engine,  and  an  exhaust  elbow  and  tail¬ 
pipe  are  used  to  turn  the  exhaust  gas  outboard  on  the  port  side 
of  the  cowl. 
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Power  transfer  to  the  main  transmission  is  through  a  shaft 
approximately  12  inches  long,  using  dry  flexible  couplings  for 
misalignment  and  a  slip  joint. 

As  with  the  regenerative  engine  installations,  a  three-point 
shock  absorption  mount  system  is  used.  The  two  main  mounts 
are  located  on  the  front  frame,  and  the  third  is  located  in 
the  hot  section  near  the  exhaust  flange.  This  mount  can  be 
shielded  and  cooled  from  below  if  required. 

firewalls  are  located  to  isolate  the  engine  hot  section  from 
the  accessories  and  main  transmission.  The  forward  firewall 
is  attached  to  the  engine  and  sealed  against  the  engine  deck 
and  cowl.  The  aft  firewall  is  fitted  against  the  overrunning 
clutch  housing  and  shields  the  main  transmission. 

Cooling  in  the  hot  section  and  in  the  accessory  section  is 
accomplished  in  the  manner  shown  previously  for  the  regenera¬ 
tive  engines.  Cooling-air  flow  through  the  engine  compartments 
is  shown  in  the  plan  view  in  Figure  52. 

A  separator  panel  was  incorporated  into  the  ram  air  inlet 
closure  door.  During  hover  operation,  this  door  can  be  raised 
to  cover  the  engine  inlet,  interposing  a  particle  separator 
panel  in  the  path  of  the  inflowing  air.  The  separator  panel 
is  scavenged  through  a  flexible  duct  ahead  of  a  blower  mounted 
in  the  fuselage.  Detail  "A"  of  Figure  52  illustrates  enyine 
airflow  during  hover  operation. 

VEHICLE  SUMMARY  WEIGHT  STATEMENTS 

Vehicle  summary  weight  statements  were  prepared  for  all  the 
single-engine  aircraft  conceptual  designs.  Detailed  weight 
analyses  were  performed  for  all  five  design-point  helicopters. 
The  weight  statements  were  prepared  in  the  format  described  in 
MIL-STD-451,  Part  I.  The  results  are  presented  in  tabular  form 
in  Appendix  III. 

CONFIGURATION  DESIGNS 

Three-view  general  arrangement  drawings  of  the  utility  helicop¬ 
ter  designs  powered  by  regenerative  engines  with  0.40  and  0.80 
effectiveness  recuperators,  and  the  drawing  of  the  aircraft 
with  a  simple-cycle  engine  are  shown  in  Figures  53,  54,  and 
55. 
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The  aircraft  were  designed  using  the  baseline  Army  utility 
airframe  configuration  described  earlier.  In  the  regenerative 
engine  installations,  the  exhaust  gas  was  carried  outboard  and 
aft  by  means  of  a  collector  around  the  periphery  of  the  w.igine 
and  outlet  elbows  on  the  port  and  starboard  sides.  The  simple- 
cycle  engine  used  an  exhaust  elbow  and  tailpipe  to  turn  the 
exhaust  outboard  on  the  port  side  of  the  cowl. 

All  dynamic  components,  including  engine  transmissions,  drives, 
and  rotors*  were  mounted  on  top  of  the  airframe  structure, 
providing  good  accessibility  and  protection  from  ground  fire. 
Hinged  and  removable  nonstructural  cowls  and  fairings  covered 
the  engine,  transmission,  and  drives. 

The  center  portion  of  the  main  rotor  transmission  was  identical 
in  each  of  the  aircraft  configurations.  The  40,000-rpm  output- 
shaft  speed  for  the  engines  was  reduced  to  342  rpm,  the  main 
rotor  speed,  through  a  one-stage  spiral  bevel  (5.5:1)  and  a 
two-stage  planetary  (4.6:1  each)  reduction  gear. 

Cyclic  and  collective  flight  controls  in  each  configuration 
were  routed  aft  from  their  respective  sticks,  then  vertically 
up  the  center  column  between  the  cockpit  and  cargo  compartment. 
Once  overhead,  torque  tubes  transmit  control  movements  laterally 
to  the  upper  shoulders  of  the  fuselage.  From  these  points, 
longitudinal  push/pull  rods  transmit  control  motions  aft  to 
the  center  of  the  main  rotor  transmission.  At  this  juncture 
a  second  set  of  torque  tubes  carries  the  control  inboard  to  a 
point  directly  under  the  center  of  the  main  transmission. 

There,  vertical  rods  inside  the  main  rotor  shaft,  actuated  by 
bell  cranks  under  the  transmission  and  through  a  swashplate 
above  the  rotor  hub,  impart  control  forces  to  the  blades. 

The  fuel  system  comprises  two  separate  self-sealing,  belly- 
mounted  tanks,  each  incorporating  individual  pumping, 
plumbing,  and  jettison  provisions.  A  baffle  and  jet  pump  is 
included  in  the  main  cell  to  insure  against  starving  the  pump 
in  hover  operation.  One-point  pressure  fueling  is  included 
for  both  tanks . 

Basically,  the  airframe  structure  is  a  box  surrounding  the 
cargo  compartment,  with  openings  on  two  sides  and  in  the  rear. 
The  propulsion  system  is  located  on  top  of  the  box,  with  the 
main  rotor  axis  located  directly  over  the  center  of  gravity  of 
the  cargo  compartment.  A  conical  cross-section  tail  boom  is 
gusseted  to  the  aft  side  of  the  box  at  a  convenient  height. 
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Single  Available-Technology  Simple-Cycle  Engine. 


105 


CARGO  COMPARTMENT  VOL  *  159  6  FTJ 
SIZEO  TO  ACCOMMODATE  2  ROWS  OF  3 
ABREAST  SEATING  ♦  BAGGAGE  OR  4 
UTTER  PATIENTS  ♦  ATTENDANT 
LOAOING  FROM  EITHER  SIDE  OR  REAR 
SLIDING  DOORS  FACILITATE  THRU 
LOADS  &  RESCUE  OPERATIONS 


COPILOT  S  STATION 


1 

i 


SPRING  TUBE 
LANDING  GEAR 


3  .  ~r  ft  J 

r  V7-  x*  s 

(  H  i;  •Pjffie  -  -  -  -- 


n  ;  O 


COPILOT  S  STATION 


TRANSMISSION  DRIVEN 
ACCESSORIES 


W4  FUEL  CELL 


'HUH  FAIRING  . 


BOE  ING/BOE  UOW  00  1 0*>  T  VPi 

RIGID  ROTOR  •*  VS T  f  M  UT  U  I?  NG 

Cil  AVN  HMIM  MTlNfOlU  lOPt  AST|(  BLADES 

K  T»T  ANIOM  HUB 


SIMPLE  CYCLE  ENGINE 
1292  SHP  WITH  AFT 
DRIVE  40  000  RPM  OUTPUT 
SPEED 


INTEGRAL  ROTOR  HUB  TRANS' 
ONE  STAGE  SPIRAL  BEVEL 
REDUCTION  TWO  STAGE 
PLANETARY  1117  II 


*  SWASH  PLATE  OVER  HUB 

CYCLIC  &  COLLECTIVE  PUSH/PULLS 
PASS  THRU  ROTOR  MAST 


V 


MAX  AERODYNAMIC 
DEFLECTION  -  15° 


L  DROOP  ■  12  5 


ENGINE  INLET 


•*"*r*c4L  - 


■  \ 

c_ 


REMOVABLE 
|  NOSE  FAIRING 


95th  PERCENT II •  r+ 

//^1\  *fy 

[  /  Jr,  I ,  /  Jpoon  onuun1  , 

<cjl  I 

r  .  - 

>*  FULL  DUMP 

30°  -  = 


CLAMSHLLl  DOOMS  FOR 

LOAOING  BAGGAGE.  LITTFRS  “  *”  > 

8.  LONG  CARGO  ^4 

p  r  -  *  W  - 1  hjl 


rV  y. 

1  30 

v\  mM  • 

-  .  22° 


\  SEPARATE  GO  HOME  FUEL  SYSTEM 
(12%  OF  TOTAL  VOLUMEI 


BAFFLE  WITH  ONE  WAY  FLAPPER 
VALVES  ♦  JET  PUMP  AT  AFT  END  OF 
MAIN  CELL  INSURE  AGAINST  STARVING 
PUMP  IN  HOVER  MODE 


SINGLE  POINT  PRESSURE  FUELING 


MAX  FUEL 
CAPACITY  -  B9  GAL 


0  20  40  60  60  100 

INCHES 


Llity  Helicopter  With 
Logy  Simple-Cycle  Engine, 


for  the  horizontal  tail-rotor  drive.  The  pilot  and  copilot 
stations  are  cantilevered  from  the  front  of  the  box. 

The  aircraft  configurations  differ  only  m  the  cowl  sizes 
(which  were  dictated  by  the  dimensions  oi  the  various  engines) 
and  in  the  fuel  tank  capacity  (which  reflected  the  differences 
in  engine  SFC ' s) . 
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AIRCRAFT  COMPARATIVE  ANALYSES 

The  five  single-engine  conceptual  aircraft  designs,  powered  by 
regenerative  and  nonregenerat ive  engines,  were  based  on 
existing  and  future  Army  mission  requirements  for  a  utility 
transport  helicopter.  Comparative  analyses  included  weight 
and  performance  parameters,  reliability  aspects,  maintenance 
requirements,  life-cycle  cost  and  cost-effectiveness  for 
various  missions,  and  overall  mission  effectiveness  and  system 
cost . 

COMPARATIVE  WEIGHT  PARAMETERS 


Design  gross  weight  and  empty  weight  trends  are  shown  in 
Figure  56  for  the  four  aircraft  with  advanced-technology 
engines  (regenerative  and  simple-cycle) .  These  curves  show 
that  the  engine  with  the  0.65-effectiveness  recuperator 
results  in  the  minimum  weight  for  the  aircraft,  and  the  weights 
were  lower  than  the  aircraft  powered  by  a  simple-cycle  engine 
(effectiveness  =  0) .  The  differences  in  the  gross  weight  and 
empty  weight,  as  a  function  of  effectiveness,  are  small, 
however,  reflecting  the  marginal  improvements  in  SFC  which 
could  be  achieved  with  a  regenerative  engine  over  the  optimum 
advanced-technology  simple-cycle  engine.  The  weight  parameters 
for  the  aircraft  powered  by  an  available-technology  engine, 
plotted  as  individual  points  in  Figure  56,  were  substantially 
higher  than  values  on  these  curves. 

In  Figure  57,  the  engine  dry  weight  and  the  fuel  weight  for 
the  design  utility  mission  are  shown  as  a  function  of  recuper¬ 
ator  effectiveness  for  these  aircraft.  As  expected,  the  fuel 
weight  decreased  and  the  engine  weight  increased  monoton ical] y 
with  increasing  effectiveness  for  the  advanced-technology 
engines.  However,  the  increasing  slope  of  the  engine  weight 
curve  resulting  from  the  rapid  increase  in  recuperator  size 
(required  to  achieve  very  high  values  of  effectiveness)  more 
than  offset  decreased  fuel  requirements  at  these  high  values 
of  effectiveness.  Consequently,  the  engine  with  the  0.65- 
effectiveness  recuperator  produced  the  minimum  aircraft 
weights  (Figure  56) . 

COMPARATIVE  PERFORMANCE 


Installed  engine  powers  at  the  sea  level,  59°F,  Military  Rated 
Power  are  shown  in  Figure  58.  The  transmission  limit,  which 
corresponds  to  the  Military  Rated  Power  at  4000  feet,  95°F,  is 
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ure  57.  Engine  and  Fuel  Weight  as  a  Function  of 
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as  a  Function  of  Effectiveness. 


110 


also  given  in  Figure  58.  The  trends  of  these  curves  and 
plotted  points  reflect  the  aircraft  gross  weight  trends 
previously  plotted. 

In  Figure  59,  the  power  required  and  power  available  are  shown 
for  aircraft  cruise  performance.  The  installed  power  available 
curves  correspond  to  the  Normal  Rated  Power  of  the  engine  at 
4000  feet,  95°F.  The  cruise  velocity  for  the  utility  mission 
was  chosen  at  the  NRP  capability  of  the  engine.  Because  the 
curves  are  virtually  the  same  for  all  the  aircraft  with 
regenerative  engines,  only  one  is  displayed  in  :he  figure. 


Figure  59.  Power  Required  and  Power  Available  Curves  for 
Aircraft  With  Regenerative  and  Nonregenerati ve 
Engines. 
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Payload-range  curves  tor  all  the  aircraft  are  pictured  in 
Figure  60  at  the  design  altitude  and  ambient  temperature. 
Although  the  helicopters  with  regenerat ive  engines  have  lower 
fuel  requirements  for  the  design  mission  of  160  NM  than  those 
with  simple-cycle  engines,  operation  with  simple-cycle  engines 
over  shorter  distances  would  result  in  greater  ^ayloads,  by 
off-loading  fuel,  than  their  regenerative  engine-powered 
counterparts.  This  factor  had  a  c  nsiderable  impact  on  Lhe 
cost-effectiveness  studies,  to  be  th  cussed  later. 

SUBSYSTEM  RJLIAB  IL  IT  i  AND  MAI  NT  A  1NAB  ILITY  PARAMETERS 

Reliability  and  maintainability  data,  consistent  with  the 
advanced-technology  regenerative  and  nonregenerat ive  engines 
described  in  Reference  1,  were  developed  by  AiResearch  and 
provided  for  this  aircraft  design  study.  The  reliability  and 
maintainabil ’ ty  parameters  supplied  by  AiResearch  have  been 
reproduced  in  '[’able  XII.  These  data  were  based  upon  engine 
operating  hours  (OURS)  rather  than  flight  hours.  For  purposes 
of  this  study,  however,  engine  operating  hours  were  assumed  to 
be  synonymous  with  the  aircraft  mission  times. 

The  AiResearch  predictions  were  quite  optimistic.  This 
optimism  could  be  justified  in  part  because  the  malfunction- 
rate  data  represented  only  those  failures  which  could  be 
attributed  directly  to  the  engine  and  because  the  malfunction 
rates  were  based  on  a  fixed-wing  aircraft  environment.  In 
subsequent  paragraphs  the  derivation  of  factors  to  convert 
these  data  to  less  optimistic  total  malfunction  rates  for  the 
helicopter  installation  is  discussed. 

Reference  12  documented  the  Boeing  study  of  a  utility  heli¬ 
copter  for  the  Army's  UTTAS  mission.  Reliability  and  maintain¬ 
ability  data  for  the  simple-cycle  engine  utilizing  available 
technologies  were  obtained  from  this  reference,  as  well  as 
data  for  other  aircraft  subsystems.  These  data  were  used  to 
develop  maintenance  parameters  required  in  t  le  computer  System 
Engineering  Model  (SYSTEM)  to  determine  system  costs. 

Reliability  Parameters 


Maintenance-affecting  and  mission-affecting  malfunction  rates, 
total  engine  removal  rates,  and  probabilities  of  mission 
completion  were  developed. 


Helicopter  Payload 


Payload  for  Design  Utility  Mission 
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Figure  t>0.  Pay  .Load-Range  Curves  for  Helicopters  With 
Regenerative  and  Monregenerative  Engines 


Maintenance-affecting  malfunctions  are  defined  as 
the  suit  of  primary  malfunctions  and  nonprimary 
malfunctions.  A  primary  malfunction  is  defined  as 
any  malfunction  occurring  during  the  useful  life 
of  the  component  that  is  not  caused  by  faulty 
maintenance,  improper  handling,  improper  operator 
technique,  foreign  object  damage,  or  failure  of 
related  components.  A  nonprimarv  malfunction  is 
defined  as  any  malfunction  that  is  caused  by  faulty 
maintenance,  improper  handling,  improper  operator 
technique,  foreign  object  damage,  or  failure  of 
related  components. 

Maintenance-affecting  malfunction  data  for  the  available- 
technology  engine  were  extracted  from  Reference  12.  The  data 
supplied  by  AiResearch,  listed  in  Table  XII,  were  used  as  a 
baseline  for  the  advanced-technology  engines.  Since  the  latter 
data  were  for  a  fixed-wing  aircraft  environment,  it  was  neces¬ 
sary  to  modify  the  malfunction  rates  to  account  for  the  more 
severe  environment  of  the  helicopter  installation.  A  multipli¬ 
cation  factor  of  2.0  was  used  to  represent  the  anticipated 
increase.  The  adjusted  data,  corresponding  to  primary  mal¬ 
function  rates  for  advanced-technology  engines  in  the  helicop¬ 
ter  installation,  are  included  in  Table  XIII. 

A  further  adjustment  was  required  to  calculate  total  mal¬ 
function  rates.  Data  for  the  T55-L-7C  engine  were  used  to 
determine  the  relationship  between  total  malfunction  rates 
(including  primary  and  nonprimary  malfunctions)  and  primary 
malfunction  rates.  The  T55-L-7C  engine  is  used  in  Boeing's 
CH-47  helicopter  and  represents  a  valid,  well-understood  data 
base.  Maintenance-affecting  total  malfunction  rates  were 
developed  using  this  historical  base,  which  resulted  in  the 
following  multiplication  factors  for  occurrence  of  the  replace¬ 
ment  tasks: 

1.  For  the  first  10  items  in  Table  XIII  (fuel  control 
replacement  to  power  turbine  governor  replacement), 
a  multiplication  factor  of  1.3  was  used. 

2.  For  the  5  seal  replacements,  a  factor  of  1.0  was 
used. 
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3.  For  the  replacement  of  the  combustor,  T4  temperature 
sensor,  and  recuperator  module,  a  factor  of  2.3  was 

used. 

4.  For  the  replacement  ol  the  gearbox,  gas  generator 
module,  and  power  turbine  module,  a  factor  of  2.6 
was  used. 

The  overhaul  interval  (TBO)  was  specified  as  1000  hours. 

Engines  not  removed  earlier  (not  involved  in  a  premature 
component  failure,  which  otherwise  would  require  removal  for 
unscheduled  maintenance)  still  would  be  removed  at  the  1000- 
hour  point  for  scheduled  overhaul.  Unscheduled  engine  removal 
rates  were  derived  from  the  maintenance-affecting  malfunction 
rates  in  Table  XIII,  with  the  additional  correction  applied  for 
the  relationships  between  unscheduled  removals  and  maintenance- 
affecting  malfunctions  derived  from  T55-L-7C  experience.  Total 
engine  removals  are  the  sum  of  scheduled  and  unscheduled  engine 
removals.  The  reciprocal  of  the  total  engine  removal  rate  is 
the  Mean  Time  Between  Removal  (WTBR) . 

Mission-affecting  malfunctions  were  defined  as  those 
maintenance-affecting  malfunctions  which  cause  a 
scheduled  mission  to  be  aborted,  cancelled,  or 
delayed  (in  excess  of  15  minutes)  after  the  aircraft 
has  been  declared  operationally  ready. 

Predicted  rates  for  the  advanced-technology  nonregenerat ive 
and  regenerative  engines  were  derived  from  the  relationship  of 
total  removal  rates  to  mission-affecting  malfunctions,  based 
on  AiResearch  engine  experience. 

Probability  of  mission  completion  was  calculated  for  a  mission 
duration  of  1  hour.  The  resulting  value  represents  the 
probability  of  starting  and  completing  the  mission  of  1-hour 
duration  with  an  aircraft  declared  operationally  ready  without 
a  cancelled  takeoff,  a  takeoff  delayed  in  excess  of  15  minutes, 
or  an  in-flight  abort  caused  by  a  mission-affecting  malfunction 
of  the  engine. 

The  resulting  data  are  presented  in  Table  XIV.  The 
maintenance-affecting  malfunction  rates  include  primary  and 
nonprimary  malfunctions  for  the  engine  installed  in  the 
helicopter  operating  environment.  It  can  be  seen  that 
significant  improvements  in  malfunction  and  removal  rates 
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are  predicted  in  going  from  available-technology  simple-cycle 
engines  to  advanced-technology  engines.  Incorporating  a 
recuperator  into  an  advanced-technology  engine  results  in  an 
insignificant  degradation  rn  malfunction  and  removal  rates. 
This  degradation  is  considered  to  be  independent  of  the 
regenerator  effectiveness  selected. 

Maintainability  Parameters 


The  maint ainanil .  ty  paramet  ers  (MMII)  provided  by  A  1  Research  for 
the  advanced-technology  regenerative  and  nonregonorat ive 
engines  were  adjusted  for  the  aircraft  design  study,  and  the 
adjusted  values  '  tc  listed  in  Table  XIII.  The  changes  from 
the  preliminary  aata  were  developed  according  to  the  following 
cons iderat ions : 

1.  For  the  on-aircraft  repairs,  the  preliminary 
maintenance  man-hours  were  adjusted  to  include 
engine  accessibility  considerations.  An  estimate 
was  made  of  the  time  required  to  reach  the  engine 
area  on  the  aircraft  with  the  necessary  tools  and 
parts,  open  the  cowling,  gain  access  to  the 
particular  repair  area,  perform  the  required 
operation  (adjusting  the  time  according  to  the 
size  and  shape  of  the  work  area),  secure  the 
cowling,  and  leave  the  aircraft.  Because  of  the 
need  for  accessibility,  engine  removal  was  necessary 
to  accomplish  some  repairs  which  are  indicated  as 
on-aircraft  actions  in  the  preliminary  data,  and 
this  consideration  is  noted  m  Table  XIII. 

2.  For  maintenance  operations  at  the  organizational  or 
direct  support  level,  the  time  required  to  obtain 
and/or  transfer  parrs,  tools,  and  equipment  from 
their  storage  area  to  the  aircraft  and  back  would 
vary  greatly  and  would  be  a  function  of  the  distance 
to  the  shop  or  parts  room.  Other  considerations 
include  the  weather  (if  not  operating  on  a  hard¬ 
surfaced  ramp)  and  the  amount  or  type  of  ground 
equipment  available.  Because  of  the  potentially 
large  variations  in  time,  these  factors  were  not 
included  in  the  MMII  at  the  operational  and  direct 
support  levels. 
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3.  Several  tasks  not  included  in  the  preliminary 
maintainability  data  were  added,  and  these  tasks  are 
included  in  the  final  maintenance  figures.  A  daily 
visual  inspection  was  assumed,  based  on  an  average 
of  three  flight  hours  for  each  inspection.  MMH  for 
the  50-hour  visual  inspection  in  Table  XIII  (11 
minutes  for  regenerative  engines  and  8  minutes  for 
nonregenerative  engines)  were  based  on  the  AiResearch 
data  in  Table  XII  plus  3  minutes  to  open  and  close 
the  cowling.  For  the  advanced-technology  engines, 

it  was  assumed  that  the  daily  visual  inspection 
required  slightly  less  time  than  this  50-hour 
inspection.  Maintenance  times  and  frequencies  also 
were  calculated  for  trouble-shooting,  adjustments, 
retorquing,  correcting  leaks  in  lines  and  hoses,  and 
tightening  bolts.  An  unscheduled  hot-end  inspection 
was  considered,  and  the  task  time  was  predicated  on 
removing  the  engine,  performing  the  inspection  in  the 
local  field  shop,  and  returning  the  engine  to  service 
or  to  the  overhaul  depot,  as  determined  by  the 
inspection. 

4.  Unscheduled  engine  removals  were  considered,  including 
removals  required  to  accomplish  repairs  and  for  depot- 
replaceable  modules,  as  noted  in  Table  XIII.  Engine 
teardown  and  buildup  were  included  for  both  scheduled 
and  unscheduled  removals.  Times  for  the  tasks  in 
paragraph  3  above  were  based  on  those  for  Boeing 
production  helicopters,  scaled  down  proportionately 
and  adjusted  for  airframe  differences.  For  all  the 
repairs  accomplished  in  the  field  shop,  it  was 
assumed  that  the  engine  was  returned  to  service  on  the 
next  aircraft  requiring  an  engine. 

5.  Component  overhaul  and  repair  times  were  adjusted  to 
include  cleaning,  inspection,  functional  testing  and 
time  to  obtain  parts,  as  well  as  an  allowance  for 
indirect  personnel.  Some  items  in  Table  XIII  were 
specified  to  be  repaired  or  overhauled  at  the  general 
support  level,  as  are  similar  items  in  the  USAAVSCOM 
Standard  Maintenance  Allocation  Chart.  Engine  over¬ 
haul  maintenance  man-hours  provided  by  AiResearch 
were  thought  to  be  very  optimistic.  Consequently, 
overhaul  hours  for  the  advanced-technology  simple- 
cycle  engines  were  revised  using  as  a  basis  data 
for  contemporary  production  engines  (whose  overhaul 
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times  included  indirect  personnel  man-hours).  This 
was  accomplished  by  reducing  the  overhaul  hours  for 
the  production  engines  in  direct  proportion  to  the 
ratio  of  the  rated  shaft  powers  of  the  advanced- 
technology  and  contemporary  simple-cycle  engines. 
Suitable  adjustments  wer  made  for  the  modular  design 
and  light  weight  of  the  advanced-technology  engines. 

To  this  adjusted  value  for  the  nonregenerat i ve  engine, 
the  man-hours  for  repair  of  the  recuperator  module 
were  added  to  obtain  the  overhaul  time  for  the 
regenerative  engines. 

Maintainability  parameters  for  advanced-technology  regenerative 
and  nonregenerat ive  engines  and  for  available-technology  simple 
cycle  engines  are  summarized  in  Table  XV.  The  data  for  the 
advanced-technology  engines  incorporate  the  adjustments 
employed  in  Table  XIII  plus  the  numerical  factors  to  convert 
primary  malfunction  rates  to  total  malfunction  rates,  and  also 
incorporate  those  few  items  mentioned  in  paragraph  3  above 
which  were  not  included  in  Table  XIII.  Maintainability  param¬ 
eters  developed  in  Reference  12  were  assumed  to  represent  the 
available-technology  simple-cycle  engine.  Mo  adjustments 
were  made  in  these  data,  and  th_  maintenance  numbers  were 
taken  directly  from  that  document. 
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TABLE  XV.  SUMMARY  MAINTAINABILITY  PARAMETERS  FOR 

REGENERATIVE  AND  NONREGENERATIVE  ENGINES 


Effectiveness 


Mean-t ime-to-repa lr  (MTTR)  numbers  for  the  advanced-technology 
engines  were  derived  from  the  data  in  Table  XIII.  MTTR  values 
for  the  available-technology  engine  were  derived  from 
Reference  12.  These  MTTR  values  represented  elapsed  time  only 
for  those  items  to  be  repaired  on  the  aircraft.  The  MTTR  for 
the  nonregenerat ive  advanced-t echnology  engine  was  higher  than 
for  the  regenerative  engines.  The  total  elapsed  repair  time 
and  maintenance  occurrences  for  the  simple-cycle  engine  were 
less,  primarily  because  it  had  no  recuperator  module  to 
malfunction  or  fail.  However,  they  did  not  decrease  in  the 
same  proportion.  Maintenance  occurrences  per  flight  hour  were 
developed  directly  from  the  data  in  Table  XIII. 

The  interval  between  inspections  for  the  advanced-technology 
engines  was  established  as  50  hours  by  AiResearch.  For  the 
available-technology  engines,  which  included  a  failure 
detection  system,  no  inspection  was  included  between  the  daily 
and  100-hour  inspections  (Reference  12).  Because  there  was  no 
intermediate  inspection,  the  daily  and  100-hour  inspections 
were  more  comprehensive,  and  every  fourth  100-hour  inspection 
was  assumed  to  be  even  more  detailed.  For  each  100-hour 
inspection,  2.52  man-hours  were  expended,  and  17.65  man-hours 
were  expended  on  every  fourth  100-hour  inspection.  These  data 
were  included  in  the  maintainability  parameters  for  the 
powerplant . 

Both  the  regenerative  and  nonregenerat  ive  advanced-technology 
engines  had  an  initial  TBO  of  1000  hours  -  anticipated  to 
increase  to  2000  hours  with  normal  growth.  These  engines  had 
no  scheduled  hot-end  inspection,  and  each  scheduled  50-hour 
inspection  was  a  visual  inspection  only,  with  the  required 
man-hours  as  displayed  in  Table  XIII. 

Maintenance  occurrences  and  maintenance  man-hours  per  flight 
hour,  mean  time  to  repair,  and  flight  hours  between  inspections 
have  been  developed  for  regenerative  and  nonregenerat ive 
engines  in  Table  XV.  Percentage  of  deferred  maintenance 
actions,  number  of  men  assigned,  downtime  per  flight  hour  for 
spares,  and  desired  level  of  availability  were  not  considered 
in  this  study,  inasmuch  as  these  items  are  governed  hy 
maintenance  concepts  and  policies. 

Maintainability  parameters  for  aircraft  subsystems  other  than 
the  engine  were  obtained  from  Reference  12,  and  these  data  are 
summarized  in  Table  XVI. 
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TABLE  XVI.  SUMMARY  MAINTAINABILITY  PARAMETERS  FOR  UTILITY 


HELICOPTER  SUBSYSTEMS  OTHER  TUAN  THE  ENGINE 


Maintenance  Man-Hours 

Fliqht  Hour 

Operational,  Direct  Support  Levels 

Corrective  Maintenance 

1.632 

Scheduled  Maintenance 

1.239 

General  Support  Levels 

0.199 

Depot  Level 

Structure 

0.473 

Minor  Repairables* 

0.226 

Major  Repairables** 

_ 

2.350 

*  Minor  repairables  (on-condition  components)  include 

actuators,  pumps  and  motors. 

**  Major  repairables,  less  engines. 

include  major  dynamic 

components . 

AIRCRAFT  SYSTEM  COST  COMPARISONS 

— - -  -  -  1 

Life-cycle  cost,  cost-effectiveness  for  '•.he  design  mission  and 
secondary  missions,  and  overall  mission  cost-effectiveness 
were  calculated  for  the  five  design -point  aircraft. 

Parametric  Life-Cycle  Cost  Prediction 

The  computerized  engineering  cost  model  is  predicated  upon  the 
assumptions  in  the  following  paragraphs. 


126 


Research,  Development,  *'est,  and  Engineering  ( RDTE) 


Nonrecurring  engineering  design  and  nonrecurring  tooling 
costs  were  based  on  the  weight  of  lb  subsystems. 
Recurring  prototype  costs  (preproduction  test  aircraft) 
were  determined  as  follows: 

1.  Airframe  cost  was  based  on  the  weight  of 
19  subsystems. 

2.  Engine  costs  were  based  on  power. 

3.  Avionics  costs  were  constant  input/output. 
Prototype  spares  were  calculated  as  a 
percentage  of  recurring  prototype  costs 
(20  percent  for  airframe,  50  percent  for 
engines,  and  40  percent  for  avionics). 

Component  testing  was  the  accumulated  cost  of  the 
components  and  engineering  labor  consumed  during  the 
bench  testing  program  for  each  subsystem.  Fatigue  test 
article  costs  were  estimated  as  a  fraction  (80  percent) 
of  the  cost  of  the  structure  and  alighting  gear  portion 
of  the  first  aircraft  produced,  as  were  the  costs  of 
the  static  test  articles. 

Flight  testing  costs  were  based  on  the  number  of  flight 
test  hours  in  the  flight  test  program  and  all  non¬ 
recurring  (preparation  and  instrumentation  -  $5,600,000) 
flight-test  costs. 

Class  I  mock-ups  were  estimated  as  a  fixed  cost 
($250,000).  Class  II  and  Class  III  mock-ups  were 
estimated  as  a  fraction  of  the  structure  cost  of  the 
first  prototype.  Trainers  and  miscellaneous  other 
RDTE  costs  were  treated  as  a  throughput .  Systems 
management  and  other  data  were  estimated  as  a  percentage 
of  all  other  RDTE  costs  (8  percent). 

Initial  Investment 


Flyaway  costs  represent  the  aggregate  purchase  price  of 
all  production  aircraft  to  be  built.  Airframe  costs  were 
estimated  by  subsystem  weight.  Engine  costs  were 
estimated  by  power.  Avionics,  armament,  photographic  and 
miscellaneous  equipment  were  throughputs .  Attrition 
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rates  were  expressed  in  aircraft  per  100,000  flight  hours. 
Maintenance  float  was  chosen  from  practice  as  10  percent 
of  the  total  fleet. 


Initial  spares  were  estimated  as  a  percentage  of  flyaway 
costs  by  subsystem.  Initial  training  and  travel  were 
based  on  an  estimated  table  of  organization  and  equipment 
(TOE)  derived  from  the  MMH/FH  fnr  the  aircraft  under 
study.  Crew  factors  and  maintenance  and  support  factors, 
along  with  initial  training  and  travel  costs,  were  taken 
from  the  ARCSA  II  (Aviation  Requirements  for  the  Combat 
Structure  of  the  Army)  report  published  by  the  Army 
(Reference  13).  Initial  fuel  stocks  were  based  on  the 
fuel  flow  in  gallons  per  flight  hour  (90-day  supply). 
Aircraft-related  ground  support  equipment  costs  were 
estimated  as  10  percent  of  flyaway,  a  factor  obtained 
from  the  ARCSA  II  report.  Nonaircraft  supplies  and 
equipment  costs  not  directly  associated  with  the  aircraft 
were  based  on  the  ARCSA  II  dollars-per-head  factor 
($6,000). 


Army  Operation  and  Maintenance 


Fuel  costs  -  petroleum,  oil,  and  lubricants  (POL)  -  were 
based  on  the  fuel  flow  in  gallons  per  flight  hour. 
Replacement  parts  and  depot  overhaul  were  estimated  as  a 
percentage  of  flyaway  cost.  Direct  maintenance  labor  was 
based  on  the  MMH/FH  and  the  flying  program  of  the 
operational  aircraft.  Pay  and  allowances  (flight  per¬ 
sonnel)  were  based  on  ARCSA  II  rates  applied  to  the 
flight  personnel,  as  calculated  in  the  model.  Indirect 
maintenance  costs  also  were  based  on  ARCSA  II  rates  and 
were  applied  to  the  portion  of  direct  maintenance  per¬ 
sonnel  performing  nonmaintenance  activity. 

Replacement  training  and  travel  were  based  on  ARCSA  II 
factors  applied  to  calculated  TOE's  as  were  support 
personnel  pay  and  allowances,  medical,  and  Army-wide 
costs . 

Depot  labor  was  based  on  depot  MMH/FH  and  the  prevailing 
depot  maintenance  labor  rate  and  overhead  costs. 
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The  following  cost  ground  rules  were  postulated  for  the 
aircraft  study: 


1. 

Number  of  prototypes 

— 

10 

2. 

Production  aircraft 

- 

2000 

3. 

Operational  aircraft 

- 

1481 

4. 

Maintenance  float 

- 

148 

5. 

Attrition  aircraft 

- 

371 

6 . 

Contractor  flight  test 

- 

1180  hr 

7. 

Customer  flight  test 

- 

4936  hr 

8. 

Fatigue  test  article 

- 

1 

9. 

Static  test  article 

- 

1 

10. 

Avionics 

- 

$25,000 

11. 

Peacetime  flying  hours 

- 

500/Year 

12. 

Years  of  operation 

- 

10 

13. 

Attrition  rates 

- 

5/100,000 
flight  hr 

14. 

RDTE  spares  (percent  of 
prototypes) 

- 

24 

15. 

Crew 

- 

2 

16. 

Dollars 

- 

1970 

17. 

Component  test 

- 

All 

subsystems 

18. 

Systems  management 

- 

Program 

Maintenance  man-hours  rt  each  level  of  support  were  developed 


in  previous  paragraphs.  Additional  data  are  summarized  in 
Table  XVII. 
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Life-Cycle  Cost  and  Cost  Effectiveness 

The  life-cycle  costs  of  the  five  design  aircraft  have  been 
calculated  and  are  tabulated  in  Table  XVIII.  considering  the 
RDTE  portion  of  the  table,  only  tl  '  engine  development  costs 
differ  markedly  between  the  advanced-technology  nonregenerat ive 
engine  and  the  0.65  effectiveness  regenerative  engine. 

Confining  attention  to  these  two  engines  in  the  data  items 
listed  under  initial  investment,  flyaway  costs  and  initial 
spares  (which  are  a  function  of  flyaway  cost)  were  the  only 
substantially  different  items.  Table  XVII  illustrated  that 
the  differences  in  flyaway  cost  are  caused  solely  by  engine 
cost  differences.  Finally,  in  the  list  of  items  under 
operations  and  maintenance  in  Table  XVIII,  replenishment  and 
depot  parts  and  depot  labor  were  quite  different,  and  the  fuel 
costs  were  much  lower  for  the  regenerative  engine,  of  course. 
The  total  systems  cost  data  illustrate  that  the  greater  costs 
associated  with  the  development,  production,  and  maintenance 
of  the  0.65  effectiveness  regenerative  engine  could  not  be 
overcome  by  the  reduction  in  fuel  costs.  The  same  reasoning 
would  hold  true  for  the  0.40  effectiveness  regenerative 
engine.  For  the  engine  with  the  0.80  effectiveness 
regenerator,  however,  the  aircraft  gross  weight  is  consider¬ 
ably  higher  than  the  other  engines,  and  many  cost  items  are 
larger  as  a  consequence.  The  final  results  showed  that  the 
life-cycle  costs  were  higher  for  the  aircraft  with  regenerative 
engines,  compared  to  the  helicopter  with  the  advanced- 
technology  simple-cycle  engine,  but  the  difference  was  less 
than  1.0  percent  for  0.40  and  0.65  effectiveness. 

A  frequency  weighting  methodology  was  developed  to  evaluate 
the  cost-effectiveness  of  the  regenerative-engine  powered 
aircraft  compared  to  a  helicopter  with  simple-cycle  engines. 
From  data  in  the  AIRCRAFT  MISSION  DEFINITION  section  of  this 
report.  Figures  8,  10,  and  12,  mission  range  requirements  were 
determined  for  design  and  secondary  missions  at  the  5-,  50-, 
and  95-percent  frequency  points.  Cost-effectiveness  param¬ 
eters,  in  terms  of  ton-miles  per  dollar,  were  calculated  for 
all  the  aircraft  at  these  ranges,  and  cost-effectiveness 
ratios  were  calculated  with  the  advanced-technology  simple- 
cycle  engine  as  the  baseline.  The  results  were  averaged, 
weighting  the  extremes  by  a  factor  of  1.0  and  the  mid-range 
value  by  a  factor  of  4.0.  After  establishing  a  similar  cost- 
effectiveness  ratio  for  each  mission,  an  overall  cost- 
effectiveness  for  all  missions  was  simply  a  weighted  average 
of  these  average  cost-effectiveness  parameters  for  the 
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individual  missions.  The  weights  in  this  latter  calculation 
were  the  frequencies  of  the  individual  missions  in  each  level 
of  conflict,  from  Table  II. 


Although  the  differences  in  life-cycle  cost  (comparing  the 
aircraft  with  a  simple-cycle  engine  and  those  with  0.40  and 
0.65  effectiveness  engines)  were  less  than  1.0  percent,  the 
differences  in  cost-effectiveness  were  greater.  The  aircraft 
with  regenerative  engines  were  l.c;  cost-effective  than  their 
counterparts  with  simple-cycle  engines,  and  the  difference 
became  progressively  qreatsr  with  increasing  recuperator 
effectiveness.  Figure  60  demonstrates  that  by  off-loading 
fuel,  the  aircraft  with  nonregenerat ive  engines  could  carry 
greater  payloads  than  those  with  regenerative  engines  for 
shorter  distances  than  pres. i i bed  for  the  design  mission. 

Th  l  s  result  was  obvicus,  since  the  regenerative  engines  burn 
les»  fuel  per  mile  of  operation  and  have  less  installed 
tankage.  Applying  these  considerations  to  the  cost-effective¬ 
ness  studies,  the  short  ranges  for  the  design  and  secondary 
missions  in  Table  XIX,  corresponding  to  the  different  values 
of  frequency  of  occurrence,  had  a  major  impact  on  the  cost- 
effectiveness  numbers. 

These  results  suggested  that  increased  range  requirements  for 
the  utility  helicopter  might  improve  the  relative  life-cycle 
cost  and  cost-effectiveness  of  the  regenerative  engine-powered 
aircraft  compared  to  those  with  simple-cycle  engines. 

Cost  Sensitivity  Analysis 


The  data  in  Table  XVxII  were  analyzed  to  determine  the  impact 
on  the  aircraft  life-cycle  cost  of  engine  costs  and  engine 
reliability  and  maintainability.  Discussion  of  this  analysis 
will  be  confined  to  the  0.65  effectiveness  reqenerative  engine 
and  the  advanced-technology  nonregenerat ive  engine  to 
illustrate  typical  trends. 

Under  RDTE,  only  a  fraction  of  the  recurring  prototype  costs 
(including  prototype  spares)  and  the  engine  development  costs 
are  dependent  on  engine  cost  predictions.  The  $8.5  million 
difference  in  RDTE  is  virtually  all  due  to  differences  in 
engine  development  cost.  Under  initial  investment,  the  engine 
portion  of  flyaway  costs  and  initial  spares  (which  are  a 
percentage  of  flyaway  costs)  are  dependent  on  engine  cost 
predictions.  The  differences  in  production  engine  cost 
($84  million  compared  with  $68  million  for  2000  engines, 
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TABLE  XVIII.  LIFE-CYCLE  COSTS  OF  UTILITY  HELICOPTERS  WITH  REGENERATIVE 
AND  NON RE GENERATIVE  ENGINES  -  S  MILLION 
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TABLE  XIX.  RELATIVE  COST -EFFECTIVE MESS  PARAMETERS  FOR  INDIVIDUAL  MISSIONS  AND  OVERALL  MISSION  EFFECTIVENESS 
UTILITY  HELICOPTER  WITH  REGENERATIVE  AND  NOBREGENERAXIVE  ENGINES 
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Table  XVII)  and  in  initial  spares  ($6.9  million  compared  with 
$5.3  million  for  the  engine  fraction  of  the  spares)  are 
responsible  for  most  of  the  difference  in  the  total  initial 
investment.  These  are  the  only  items  in  the  calculation  of 
aircraft  life-cycle  cost  which  are  dependent  on  engine  cost 
predictions. 

Referring  to  Figure  58,  the  difference  in  rated  power  between 
the  0.65  effectiveness  regenerative  engine  and  the  advanced- 
technology  nonregenerative  engine  is  only  4  percent.  Since 
the  engines  are  almost  the  same  power  class,  it  is  evident  that 
the  regenerative-engine  costs  must  be  higher  than  those  of  the 
simple-cycle  engine.  The  data  in  Table  XVIII  accurately 
reflect  this  predicted  difference. 

The  predictions  of  engine  reliability  and  maintainability  data 
impact  primarily  on  operation  and  maintenance  cost  items, 
although  they  also  are  reflected  in  initial  training  and  travel 
under  initial  investment  (which  is  calculated  as  a  percentage 
of  MMH/FH) .  The  fraction  of  aircraft  MMH/FH  attributed  to  the 
engine  was  used  to  calculate  that  fraction  of  maintenance  costs 
which  are  dependent  upon  the  engine  configuration.  Costs  of 
replenishment  and  depot  parts  are  a  varying  percentage  of 
flyaway  costs  -  a  higher  percentage  for  the  regenerative-engine 
aircraft  because  of  the  added  complexity  of  the  recuperator. 

Of  these  costs,  $18.3  million  was  the  portion  attributed  to 
the  0.65  effectiveness  regenerative  engine  and  $13.2  million 
attributed  to  the  nonregenerative  engine.  Of  the  depot  labor 
costs,  $81.5  million  was  attributed  to  the  regenerative  engine 
and  $74.8  million  to  the  simple-cycle  engine.  Of  the  initial 
training  and  travel  costs,  undar  initial  investment,  $35.2 
million  was  attributed  to  the  regenerative  engine  and  $33.3 
million  to  the  simple-cycle  engine.  Because  the  regenerative 
and  nonregenerative  engines  are  almost  the  same  power  class, 
the  higher  maintenance  costs  for  the  regenerative  engine  are 
certainly  reasonable. 

Summing  the  various  engine-related  costs  that  have  been 
discussed,  the  total  difference  between  those  for  regenerative 
and  nonregenerative  engines  is  $39.8  million,  which  is  almost 
the  same  as  the  difference  in  life-cycle  cost  of  the  corres¬ 
ponding  a_.rcraft  systems.  Since  the  difference  between  the 
rated  power  of  the  engines  is  only  4  percent,  the  higher  costs 
of  the  regenerative  engine  are  understandable.  Any  change  in 
the  assumptions  used  to  calculate  engine  cost,  reliability, 
and  maintainability  data  would  only  impact  on  the  difference 
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in  life-cycle  costs,  while  the  total  life-cycle  cost  would 
still  favor  the  nonregenerat ive  engine  in  the  utility  aircraft. 

Extended-Range  Requirements 


The  range  or  endurance  for  the  various  mission  roles  which 
typi  t  Led  Army  use  of  the  utility  helicopter  was  not 
su  1  i.  iciently  long  to  produce  appreciable  fuel  savings  with 
regenerative  engines.  Consequently,  basic  differences  in 
development  and  production  costs  and  maintenance  requirements, 
for  the  regenerative  engines  compared  to  the  nonregenerat ive 
engine,  were  too  great  to  be  offset  by  fuel  savings.  To 
investigate  the  impact  of  range  on  life-cycle  cost  and  cost- 
effectiveness  comparisons,  a  utility  mission  with  a  longer 
range  requirement  was  postulated.  The  range  for  the  design 
utility  mission  was  extended  from  150  NM  to  300  NM.  The  trend 
relationships  derived  in  the  aircraft  parametric  studies  were 
used . 

The  life-cycle  costs  of  the  aircraft  with  advanced-technology 
regenerative  and  nonregenerat ive  engines,  designed  to  perform 
a  utility  mission  with  a  300-N.M  range,  are  summarized  in 
Table  XXI.  Even  with  this  greater  range  requirement,  the  life- 
cycle  costs  were  higher  for  the  aircraft  with  regenerative 
engines,  compared  to  the  helicopter  with  an  advanced-technology 
simple-cycle  engine,  but  the  differences  among  them  were  less 
than  before.  An  interesting  observation  was  that  the  0.65 
effectiveness  regenerative  engine  offered  nearly  optimum  life- 
cycle  cost  of  the  range  of  effectiveness  values  considered. 

The  significant  aircraft  performance  and  weight  parameters  for 
the  extended-range  mission  are  listed  in  Table  XX. 

Vulnerability 


The  regenerative  and  nonregeu- rat ive  advanced-technology  engine 
designs  in  Reference  1  were  only  preliminary  conceptual 
designs.  Consequently,  AiResearch  was  unable  to  develop 
realistic  vulnerability  data  differentiating  between  the  two 
concepts.  Vulnerability  parameters  for  the  other  aircraft 
subsystems  would  be  virtually  identical.  Accordingly,  no 
vulnerability  analyses  were  conducted,  but  it  seems  very  un¬ 
likely  that  differences  in  vulnerability  between  the 
regenerative  and  nonregenerat ive  engines  would  have  any  impact 
on  the  final  study  results. 
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TABLE  XX.  SUMMARY  OF  SINGLE-ENGINE  HELICOPTER  CONFIGURATIONS 


PERFORMING  DESIGN  UTILITY  MISSION,  EXTENDED 
RANGE  REQUIREMENTS  (300-NM  RANGE) 


Regenerative 

Engines 

Advanced 

Techn . 
Simple- 

Effectiveness 

Cycle 

0.40 

0.65 

0.80 

Engine 

Design  Gross  Weight,  lb 

8100. 

7620. 

7550. 

7880. 

Weight  Empty,  lb 

5060. 

4797. 

4814. 

4859. 

Fixed  Useful  Load,  lb 

780. 

780. 

780. 

780. 

(Incl.  Mission  Equipment) 

Mission  Fuel,  lb 

1060. 

843. 

756. 

1049. 

Payload,  lb 

1200. 

1200. 

1200. 

1200. 

Disc  Loading,  lb/ft 

6.45 

6.07 

6.00 

6.27 

Installed  Power,  shp 

1532. 

1390. 

1385. 

1495. 

(Sea  Level,  59°F,  MRP) 

Tail  Rotor  Power,  shp 

83. 

76. 

75. 

79. 

Total  Equivalent  Flatplate 

11.10 

11.10 

11.10 

10.98 

Area,  Fe,  ft2 

VCR,  KTAS 

151. 

149. 

149. 

148. 

138 


TABLE  XXI.  LIFE-CYCLE  COSTS  OF  UTILITY  HELICOPTERS  WITH  REGENERATIVE  AND  NON- 
REGENERATIVE  ENGINES,  EXTENDED  RANGE  REQUIREMENTS  -  $  MILLION 
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Total  Svsterrs  Cost/A/C  3.147  3.124  3.189 


CONCLUSIONS 


This  report  completes  the  conceptual  design  study  of  aircraft 
powered  by  regenerative  and  nonregenerat ive  engines  performed 
by  The  Boeing  Company  under  Contract  DAAJ02-70-C-0061, 
Regenerative  Engine  Powered  Aircraft  Design  Study.  Boeing 
selected  a  design  utility  mission  and  secondary  medical  evacua¬ 
tion  and  observation  missions  which  typified  Army  use  of  the 
utility  helicopter  in  all  intensities  of  conflict.  Reference  1 
provided  advanced  engine  and  recuperator  data  for  the  light¬ 
weight  regenerative  engine  designs  of  approximately  1000  shp 
used  in  the  studv.  Component  performance  data  consistent  with 
the  reference  re} ort  were  used  to  develop  performance  for  a 
nonregenerat ive  engine,  but  the  compressor  pressure  ratio  used 
was  more  nearly  optimum  for  simple-cycle  engines.  The 
following  principal  conclusions  have  resulted  from  the  study: 

1.  The  engine  designs  in  Reference  1  were  a  lightweight, 
integrated  configuration  utilizing  an  annular 
tube-type  recuperator  wrapped  around  the  turbo¬ 
machinery.  The  recuperator  served  as  the  structural 
backbone  of  the  engine  assembly.  Conversely, 
regenerative  engines  tested  to  date  have  been 
derived  from  existing  turboshaft  engines,  modified 
to  accommodate  a  bolt-on  recuperator. 

Because  of  the  advanced  level  of  the  engine  perfor¬ 
mance  parameters,  however,  the  improvements  in  SFC 
which  could  be  achieved  with  the  regenerative  engines, 
compared  with  the  optimum  advanced-technology  simple- 
cycle  engine,  were  relatively  small  (15  to  17  percent). 

Coupled  with  the  missions  predicated  for  the  utility 
helicopter,  the  small  improvements  in  SFC  meant  that 
the  fuel  savings  in  the  aircraft  installation  were 
almost  equal  to  the  increased  weight  of  the  regenera¬ 
tive  engine. 

2.  The  lightest  aircraft  concept,  from  the  viewpoint 
of  both  empty  weight  and  gross  weight,  had  a  0.65 
effectiveness  recuperative  engine.  However,  the 
weight  of  this  aircraft  was  only  two  percent  less 
than  that  of  the  aircraft  powered  by  an  advanced- 
technology  simple-cycle  engine. 
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3.  The  aircraft  with  the  advanced- technol ogy  simple- 
cycle  engine  had  the  lowest  life-cycle  cost  and 
the  optimum  cost-effectiveness.  Higher  development 
and  production  costs  and  maintenance  requirements 
for  the  regenerative  engines  were  too  great  to  be 
offset  by  savings  in  fuel.  Again  the  differences 
among  the  various  aircraft  were  very  small  (within 
1  percent  on  life-cycle  cost).  Although  a  longer- 
range  mission  was  also  investigated  for  the  helicop¬ 
ter,  the  trends  in  life-cycle  cost  still  favored  the 
nonregenerat ive  engine. 

4.  Variable  power-turbine  stator  vanes,  which  provide 
variable  flow  characteristics  for  the  turbine,  would 
permit  part-power  operation  at  constant  high  turbine- 
inlet  temperatures,  and  would  realize  the  maximum 
benefit  in  engine  SFC  over  the  entire  operating 
range  of  the  engine.  Compared  with  a  regenerative 
engine  with  fixed  turbine  geometry,  the  regenerative 
engine  with  variable  power-turbine  geometry  would 

not  offer  much  improvement  in  SFC  at  relatively 
high  power  settings,  but  at  60  percent  power  it  would 
have  a  6  percent  lower  SFC.  This  in  turn  is  21  per¬ 
cent  less  than  the  SFC  of  the  advanced-technology 
simple-cycle  engine.  Comparing  the  fixed-geometry 
and  variable-geometry  regenerative  engines,  however, 
the  fuel  savings  at  the  high  power  settings  typical 
of  the  helicopter  flying  a  utility  mission  would  be 
negligible,  and  the  added  weight  and  complexity  of 
variable-turbine  designs  would  not  be  warranted. 

Potentially,  the  regenerative-engine  powered  aircraft  would 
be  superior  for  longer  range  and  endurance  requirements, 
particularly  if  considerable  loiter  time  were  involved.  In 
the  latter  case,  variable  power-turbine  geometry  could  offer 
further  performance  benefits.  However,  other  aspects  of  the 
regenerative-engine  installation  such  as  reduced  infrared 
signature,  improved  vulnerability  characteristics,  and  reduced 
noise,  could  be  exploited,  but  were  not  included  within  the 
scope  of  this  study. 


142 


LITERATURE  CITED 


1.  McDonald,  Colin  F.,  STUDY  OF  A  LIGHTWEIGHT  INTEGRAL 
REGENERATIVE  GAS  TURBINE  FOR  HIGH  PERFORMANCE ,  AiResearch 
Manufacturing  Company,  The  Garrett  Corporation;  USAAVLABS 
Technical  Report  70-39,  U.  S.  Army  Aviation  Materiel 
Laboratories,  Fort  Eustis,  Virginia,  August  1970, 

AD  877  464. 

2.  ANNEX  D  -  UTTAS  AND  LTTAS  SCENARIOS  (U)  ,  Action  Control 
Control  Number  10705,  United  States  Army  Combat  Develop¬ 
ments  Command,  May  1968  (C)  . 

3.  LOW  INTENSITY  SCENARIOS  -  SECTION  III  OF  ANNEX  D  -  UTTAS 
STUDY  (U)  ,  Action  Control  Number  10705  ,  United  States 
Army  Combat  Developments  Command,  April  1968  (C) . 

4.  MID  INTENSITY  SCENARIOS  -  UTTAS  STUDY  (U)  ,  Action  Control 
Number  10705,  United  States  Army  Combat  Developments 
Comma:  d,  April  19  6  8  (C)  . 

5.  HIGH  INTENSITY  SCENARIOS  -  UTTAS  STUDY  (U) ,  Action  Control 
Number  10705,  United  States  Army  Combat  Developments 
Command,  April  1968  (C)  . 

6.  HEAT  REGENERATIVE  SYSTEM  FOR  T53  SHAFT  TURBINE  ENGINES, 
Lycoming  Division,  AVCO  Corporation;  USAAVLABS  Technical 
Report  65-37,  U.  S.  Army  Aviation  Materiel  Laboratories, 
Fort  Eustis,  Virginia,  July  1965,  AD  620  245. 

7.  Wheeler,  A.  J.,  H.  R.  Dolf,  V.  J.  Klein,  and  J.  Acurio, 
SMALL  GAS  TURBINE  ENGINE  COMPONENT  TECHNOLOGY  REGENERATOR 
RESEARCH,  The  Boeing  Company,  Turbine  Division;  USAAVLABS 
Technical  Report  66-90,  U.  S.  Army  Aviation  Materiel 
Laboratories,  Fort  Eustis,  Virginia,  January  1967, 

AD  809  557L. 

8.  Privoznik,  Edward  J.,  T6 3  REGENERATIVE  ENGINE  PROGRAM, 
Allison  Division,  Genera]  Motors  Corporation;  USAAVLABS 
Technical  Report  68-9,  U.  S.  Army  Aviation  Materiel 
Laboratories,  Fort  Eustis,  Virginia,  May  1968,  AD  675  444. 

9.  Curbishley,  G.,  W.  Larson,  D.  W.  McGrath,  E.  W.  Gellerson, 
HOT  CORROSION  RESISTANCE  OF  MATERIALS  FOR  SMALL  GAS  TURBINE 
RECUPERATORS,  The  Garrett  Corporation,  AiResearch 
Manufacturing  Company;  USAAVLABS  Technical  Report  69-92, 

U.  S.  Army  Aviation  Materiel  Laboratories,  Fort  Eustis, 
Virginia,  December  1969,  AD  866  981. 


143 


10.  AERONAUTICAL  PROPULSION  EXPLORATORY  DEVELOPMENT:  INDUSTRY 
BRIEFING,  U.  S.  Army  Aviation  Materiel  Laboratories, 

Fort  Eustis,  Virginia,  8  September  1969  ,  p.  112. 

11.  Hoerner,  S.  F.,  FLUID  DYNAMIC  DRAG,  Midland,  New  Jersey, 

S.  F.  Hoerner  Publisher,  i965. 

12.  PRELIMINARY  DESIGN  STUDY  -  UTILITY  TACTICAL  TRANSPORT 
AIRCRAFT  SYSTEM  (UTTAS)  (U) ,  The  Boeing  Company,  Vertol 
Division,  Philadelphia,  Pennsy 1  •  ania ,  Document  D8-2195-1, 
14  November  196  8  (C)  . 

13.  Bennett,  W. ,  SYSTEMS  COST  ANALYSIS  FOR  AVIATION  REQUIRE¬ 
MENTS  FOR  THE  COMBAT  STRUCTURE  OF  THE  ARMY  II  ( ARCSA  II) 

(U)  ,  Planning  Research  Corporation,  Washington,  D.C., 

PRC  R-894,  31  March  1967,  AD  380  509  (C) . 

14.  Messerlie,  R.  L. ,  and  D.  M.  Cox,  STUDY  OF  VARIABLE 
TURBINE  GEOMETRY  FOR  SMALL  GAS  TURBINE  ENGINES,  Allison 
Division,  General  Motors  Corporation;  USAAVLABS  Technical 
Report  67-19,  U.  S.  Army  Aviation  Materiel  Laboratories, 
Fort  Eustis,  Virginia,  April  1967,  AD  653  430. 


144 


APPENDIX  I 


TWIN-ENGINE  AIRCRAFT  CONFIGURATION  STUDIES 


Twin  engines  in  the  utility  transport  aircraft  would  enhance 
mission  reliability  and  offer  a  desirable  asset  for  the  heli¬ 
copter  operating  in  a  battlefield  environment.  Alternative 
aircraft  conceptual  designs  included  twin-engine  aircraft  for 
the  same  mission  and  payload.  With  the  exception  of  increased 
mission  reliability,  however,  all  other  factors  favored  single¬ 
engine  installations  compared  with  twin  engines.  Analyses  and 
data  pertaining  to  twin-engine  aircraft  using  regenerative  and 
nonregenerati ve  engines  of  approximately  500  shp  have  been 
assembled  in  th  _s  Appendix. 

TURBOSHAFT  ENGINE  DESIGN  PARAMETERS 


Performance  and  weight  characteristics  have  been  developed  for 
simple-cycle  turboshaft  engines  utilizing  advanced  technologies 
and  for  simple-cycle  engines  utilizing  available  technologies, 
nominally  sized  at  500  shp. 

Advanced-Technology  Engine 

Reference  1  provided  design-point  performance  data  for 
advanced-technology  regenerative  and  nonregenerati ve  engines 
of  approximately  1000  shp,  all  at  9:1  compressor  pressure 
ratio.  A  parametric  study  of  the  effect  of  pressure  ratio  on 
design-point  performance  led  to  the  selection  of  14:1  as  the 
optimum  value  for  the  1000-shp  advanced-technology  turboshaft 
engine,  and  this  14:1  pressure  ratio  was  also  the  design  point 
used  for  the  500-shp  advanced-technology  simple-cycle  engine. 

High  turbine-inlet  temperatures  would  pose  a  more  serious 
problem  in  the  smaller  engine  -  the  size  of  the  turbine  blades 
and  vanes  would  cause  difficulty  in  fabricating  the  required 
internal  cooling-air  passages  and  film-cooling  slots.  Con¬ 
sequently,  the  design  turbine-inlet  temperature  was  limited  to 
2250°F  in  the  advanced-technology  500-shp  engine,  to  allow 
for  these  considerations. 

Due  to  the  impact  of  clearances,  material  thicknesses,  and 
tolerances,  the  smaller  size  components  could  not  achieve  the 
design-point  performance  of  those  in  the  1000-shp  engine. 

The  performance  characteristics  of  the  500-shp  advanced- 
technology  engine  were  obtained  by  downgrading  the  component 
performance  of  the  larger  engine,  and  the  design-point,  data 
are  summarized  in  the  first  column  of  Table  XXII.  The  changes 
in  component  data,  compared  with  the  1000-shp  advanced- 
technology  engine,  are  as  follows  (expressed  in  decimal  frac¬ 
tions  )  : 
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TABLE  XXII.  500-SHP  SIMPLE-CYCLE  TURBOS  HAFT  ENGINE  DESIGN- 


POINT  PARAMETERS 


Parameters 

Advanced- 

Technology 

Avai lable- 
Technology 

Compressor 

Inlet  Airflow,  lb/sec 

2.84 

3.36 

Pressure  Ratio 

14.0 

10.0 

Adiabatic  Efficiency* 

.788 

.78 

Exit  Temperature,  °F 

778. 

664. 

Cooling-Air  Bleed/Inlet  Airflow* 

.045 

.057 

Leakage/I nlet  Airflow* 

.040 

.023 

Combustor 

Efficiency 

.98 

.985 

Fuel /Compressor  Inlet  Airflow 

.0225 

.0224 

Pressure  Loss* 

.04 

.05 

Gas  Generator  Turbine 

Inlet  Temperature,  op 

2250. 

2]  50. 

Inlet  Flow,  lb/sec 

2.663 

3.166 

Mechanical  Efficiency* 

.97  5 

.99 

Exit  Temperature,  °F 

1597. 

1  608. 

Adiabatic  Efficiency* 

.87 

.85 

Pressure  Ratio 

4.00 

3.30 

Interstage  Turbine  Diffuser 

Pressure  Loss* 

.02 

- 

Temperature,  °F 

1587. 

1  554. 

(Cooling  Air  Mixed) 

Power  Turbine 

Inlet  Temperature,  °F 

1587. 

1554. 

Inlet  Flow,  lb/sec 

2.792 

3 .358 

Exit  Temperature,  °F 

1]  36. 

1179. 

Adiabatic  Efficiency* 

.89 

.86 

Pressure  Ratio 

3.20 

2.72 

Exhaust  Diffuser 

Pressure  Ratio 

1.0  3 

1  .  058 

Specific  Power,  hp/lb./sec 

176.0 

1  4  9 . 0 

Shaft  Power,  hp 

500. 

500. 

SFC,  lb/hr/hp 

.465 

.  540 

♦Efficiencies , pressure losses,  bleed  and  lcnkaqc  flows  ex¬ 
pressed  as  decimal  fractions. 
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1.  Compressor  efficiency  decreased  .02 

2.  Coolinq  air  and  leakage  flow  increased  .01 

3.  Combustor  efficiency  decreased  .01 

4.  Combustor  pressure  loss  increased  .01 

5.  Gas-generator  turbine  efficiency,  compared  to 
the  trend  data,  decreased  .01 

6.  Power  turbine  efficiency,  compared  to  the  trend 
data,  decreased  .01 

The  resulting  specific  power  and  SFC  were  not  as  good  as  the 
corresponding  parameters  for  the  1000-shp  advanced-technology 
engine,  but  the  performance  projection  was  consistent  with 
data  trends  to  smaller  engines. 

Off-design  performance  was  developed  for  the  advanced- 
technology  simple-cycle  engine,  to  be  used  in  performance 
calculations  for  the  twin-engine  aircraft.  The  compressor 
efficiency  trend  for  the  1000-shp  engine  also  was  used  for 
the  500-shp  engine,  with  the  level  of  values  decreased  .02 
throughout  the  operating  range  to  match  the  assumed  design 
point.  The  efficiency  characteristic  in  Figure  61  was  used 
for  power-turbine  performance  at  optimum  output-shaft  speed. 
The  results  of  the  off-design  performance  calculation  are 
presented  in  Figure  62,  showing  referred  shaft  horsepower  and 
referred  fuel  flow  plotted  as  a  function  of  referred  turbine- 
inlet  temperature  for  various  forward  flight  speeds  (at 
optimum  output  shaft  speed).  The  corrections  for  nonoptimum 
output-shaft  speed  were  the  same  as  those  previously  presented 
in  Figures  20  and  21  of  the  main  text  of  this  report.  The 
turbine-inlet  temperatures  selected  were  2125°F  for  Normal 
Rated  Power  and  22r)0°F  for  Military  Rated  Power. 

The  dry  weight  of  the  OOO-shp  advanced- technology  simple-cycle 
engine  was  estimated  from  general  trends  for  small  turboshaft 
engines  as  a  function  of  rated  shaft  horsepower,  using  the 
weight  of  the  1  noo-shp  engine  as  a  starting  point.  The  dry 
weight  of  the  simple-cycle  engine  has  been  included  in  the 
correlation  of  weights  for  SOO-shp  advanced  technology  re¬ 
generative  and  nonregene  rati ve  engines  in  Figure  b8. 

Avai  1  able- Technology-  bnq  i  no 

Component  data  correlations  were  generated  for  small  turbo¬ 
shaft  engines  under  development  or  proposed  for  development 
utilizing  available  technologies,  and  compressor  and  turbine 
design-point  efficiency  trends  were  previously  shown  as 
Figures  2r)  ind  26  in  the  main  text  of  this  report.  The 
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f-Design  Efficiency  Trend  for 
Simple-Cycle  Engines. 


Shaft  Horsepower,  SHP/<fV®*  -  shp 
Fuel  Flow,  Wf /dSB  -  lb/hr 


component  trend  data  were  used  to  define  design-point  component 
performance  for  the  500-shp  simple-cycle  engine,  and  to  cal¬ 
culate  overall  performance,  which  was  consistent  with  trends 
of  specific  power  and  SFC  (second  column  of  Table  XXII).  The 
selection  of  a  10:1  compressor  design-point  pressure  ratio 
was  in  accord  with  the  trends  for  engines  in  this  power  class. 
The  turbine-inlet  temperature  of  2150°F  was  somewhat  less  than 
that  for  the  1000-shp  engine,  for  the  same  reasons  expressed 
in  the  discussion  of  the  advanced- technology  engine.  Compressor 
and  turbine  efficiencies  were  selected  from  the  trend  curves. 
Percentages  of  cooling-air  and  leakage  flows  were  kept  the 
same  as  in  the  larger  engine,  despite  the  lower  pressure  ratio 
and  turbine-inlet  temperature.  The  resulting  specific  power 
and  SFC  from  Table  XXII  were  in  agreement  with  the  overall 
performance  trends,  and  the  data  in  the  table  were  used  for 
the  500-shp  available-technology  engine  in  subsequent  study 
tasks . 

The  compressor  efficiency  trend  in  Figure  63  was  used  to 
calculate  off-design  performance  for  the  avai lable- technology 
engine.  The  power-turbi ne  efficiency  trend  was  plotted  in 
Figure  61  .  The  resulting  curves  of  referred  power  and  fuel 
flow  were  plotted  in  Figure  64.  A  turbine-inlot  temperature 
of  2025°F  was  selected  for  Normal  Rated  Power  and  2150°F  for 
Military  Rated  Power. 

From  weight  trends  for  available-technology  engines,  a  value 
of  2.85  was  selected  for  the  power-to-wei ght  ratio  of  the 
500-shp  engine. 

REGENERATIVE  ENGINE  DESIGN  PARAMETERS 


Performance  and  weight  characteristics  have  been  developed  for 
three  500-shp  regenerative  engines,  with  recuperator  effective¬ 
ness  of  0.40,  0.65,  and  0.80  and  recuperator  pressure  losses 
of  10.0,  6.0,  and  4.0  percent,  respectively.  The  design-point 
compressor  pressure  ratio  was  9:1,  as  with  the  1000-shp  engines 
in  Reference  1.  The  2300°F  design  turbine-inlet  temperature 
of  the  1000-shp  engines  would  be  much  more  difficult  to  attain 
in  the  smaller  engines.  As  with  the  simple-cycle  configura¬ 
tions,  the  design  turbinc-inlot  temperature  was  limited  to 
2250°F  in  the  500-shp  regenerative  engines. 

Size  effects  in  the  smaller  components  would  prevent  their 
achieving  the  performance  of  those  in  the  1000-shp  engines. 
'Therefore,  the  performance  characteristics  of  the  500-shp 
regenerative  engines  were  obtained  in  the  same  manner  as  the 
simple-cycle  arrangements.  Design  point  data  are  summarized 
in  Table  XXIII.  The  specific  power  and  SFC  resulting  from  the 
component  performance  changes  are  also  presented  in  this  table. 


TABLE  XXIII.  500-SHP  ADVANCED-TECHNOLOGY  REGENERATIVE  ENGINE 
DESIGN-POINT  PARAMETERS 

{Recuperator  Effectiveness 

.40 

.65 

o 

00 

Compressor 

Inlet  Airflow,  lb  sec 

3.08 

2.98 

2.93 

Pressure  Ratio 

9.0 

9.0 

9.0 

Adiabatic  Efficiency* 

.80 

.  80 

.  80 

Exit  Temperature,  °F 

614 . 

614. 

614. 

Cooling-Air  Bleed/lnlet  Airflow* 

.04 

.04 

.04 

Leakage/I nlet  Airflow* 

.03 

.03 

.03 

Recuperator  -  Air-Side 

Inlet  Flow,  lb  sec 

2.864 

2.771 

2.725 

Pressure  Loss* 

.04 

.024 

.016 

Exit  Temperature,  °F 

904. 

1069. 

1164. 

Combustor 

Efficiency* 

.98 

.98 

.98 

Fuel/Compressor  Inlet  Airflow 

.0210 

.  0186 

.0172 

Pressure  Loss* 

.04 

.04 

.04 

Gas  Generator  Turbine 

Inlet  Temperature,  °F 

2250. 

2250. 

2250. 

Inlet  Flow,  lb/sec 

2.929 

2.826 

2.775 

Mechanical  Efficiency* 

.975 

.  975 

.975 

Exit  Temperature,  °F 

1755. 

1754. 

1753. 

Adiabatic  Efficiency* 

.865 

.865 

.865 

Pressure  Ratio 

2.77 

2.78 

2.79 

Interstage  Turbine  Diffuser 

Pressure  Loss* 

.03 

.03 

.03 

Temperature,  of 

1727. 

1725. 

1725. 

(Cooling-Air  Mixed) 

Power  Turbine 

Inlet  Temperature,  °F 

1727. 

1725. 

1725. 

Inlet  Flow,  lb/sec 

3.052 

2.945 

2.892 

Exit  Temperature,  °F 

1320. 

1303. 

1296. 

Adiabatic  Efficiency* 

.90 

.90 

.  9C 

Pressure  Ratio 

2.62 

2 . 72 

2.78 

Exhaust  Diffuser 

Pressure  Ratio 

1.04 

1 . 04 

1.04 

_>ecuporator  -  Gas-Side 

Inlet  Flow,  lb /sec 

3.052 

2.94  5 

2.892 

Pressure  Loss* 

.06 

.  036 

.  024 

Exit  Temperature,  °F 

1  068. 

901  . 

802. 

Specific  Power,  shp  lb  sec 

162.6 

168.0 

170.5 

Shaft  Power,  shp 

500. 

500. 

500. 

SFC,  lb, dir  hp 

.466 

.  3  98 

.  362 

*E 1 f i ciencies ,  effectiveness,  pressure  losses, 
leakage  flows  expressed  as  decimal  fractions. 

bleed  and 

lr)l 
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Adiabatic  Efficiency 


Percent  Referred  Inlet  Airflow 

Figure  63.  Compressor  Efficiency  Characteristic 

Along  Engine  Operating  Line  for  500-SHP 
Available-Technology  Engine. 


Off-design  performance  data  were  calculated  for  the  three  re¬ 
generative  engines.  The  compressor  efficiency  trend  developed 
for  the  ]  OOO-shp  engines  was  also  used  for  the  500-shp  engines, 
with  the  efficiencies  decreased  .02  throughout  the  operating 
range  to  match  the  assumed  design-point.  Similarly,  the  power 
turbine  efficiency  characteristic  for  the  1000-shp  engines  was 
used  for  the  500-shp  engines,  with  the  level  of  efficiencies 
downgraded  to  match  the  design-point  value.  The  changes  in 
recuperator  performance  at  part-power  settings  (increased 
effectiveness  and  decreased  pressure  loss)  were  previously 
plotted  in  Figures  36  and  37  in  the  main  text  of  this  report. 
The  resulting  referred  power  and  fuel  flow  for  the  three 
500-shp  regenerative  engines  were  plotted  in  Figures  65,  66, 
and  67. 

The  weights  assumed  for  the  advanced-technology  500-shp  re¬ 
generative  and  nonregenerati ve  engines  are  shown  in  Figure  68. 
These  data  were  developed  from  trends  of  weight  as  a  function 
of  shaft  horsepower  for  small  turboshaft  engines.  The  in¬ 
creasing  slope  of  the  weight  curve  as  a  function  of  recuperator 
effectiveness  is  a  result  of  the  increased  weight  of  the 
recuperator.  This  engine  weight  increase  more  than  offset  the 
decreased  fuel  reguirements  resulting  from  improvements  in 
SFC  at  high  values  of  effectiveness.  Consequently,  the  optimum 
recuperator  from  an  aircraft  gross  weight  standpoint  haci  an 
effectiveness  considerably  less  than  0.80. 

TWIN-ENGINE  CONCEPTUAL  DESIGNS 


Twin-engine  aircraft  were  designed  for  the  utility  mission  and 
payload  defined  in  the  AIRCRAFT  MISSION  DEFINITION  section  of 
this  report.  That  section  also  defined  the  OEI  capability 
based  upon  Army  requirements  for  multiengine  aircraft,  which 
established  that  the  helicopter  must  have  go-home  capability 
with  one  engine  inoperative.  The  installed  power  calculated 
for  the  twin-engine  configurations  had  to  meet  or  exceed  both 
hover  and  OEI  power  requirements. 

Conceptual  aircraft  designs  were  produced  for  four  alternative 
twin-engine  helicopters,  with  the  following  propulsion  systems: 


1 . 

I nternal ly- 

-mounted 

regenerative 

engi 

nos 

2. 

I nternal ly- 

■mounted 

nonregenerati 

ve  e 

ngines 

3. 

Externa 1 1 y- 

■mounted 

regenerative 

enqi 

nes 

4. 

External  1  y- 

■mounted 

nc.i.regencr  at  i 

\>  n  j 

mi  i nes 

for 

the  aircraf 

't  with 

i  nternal 1 y-mou 

nted 

eng i nes 

assembled  in  Table  XXIV,  while  Table  XXV  shows  aircraft  with 
externally-mounted  engines. 
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Shaft  Horsepower,  SHP/</" -,/e 


Referred  Shaft  Horsepower,  SHP -  shp 
Referred  Fuel  Flow,  Wf /</"  -/S’  -  lb/hr 


1800  2000  2200  2400  2600  2800 

Referred  Turbine-Inlet  Temperature,  T^/9  -  °R 


Figure  66.  500-SHP  Advanced-Technology  Regenerative  Engine 

Performance  (Design-Point  Effectiveness  =  0.65). 
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Referred  Shaft  Horsepower,  SHP/^'-v^9  - 
Referred  Fuel  Flow,  W -  lb/hr 


gure  68.  Dry  Weights  for  500-SHP  Regenerative  and  Non 


TABLE  XXIV.  SUMMARY  OF  TWIN-ENGINE  HELICOPTER  CONFIGURATIONS 


WITH  INTERNALLY -MOUNTED  ENGINES 


Regenerate  ve 

Engi nes 

Non- 

regenerati ve 
Engines 

Effectiveness 

Adv . 

Techn . 

Aval  1 . 

Techn. 

0.40 

0.65 

0.80 

Design  Gross  Weight,  lb 

7278 

6909 

7146 

7029 

7665 

Weight  Empty,  lb 

4665 

4472 

4677 

4474 

4947 

Fixed  Useful  Load,  lb 

780 

780 

780 

780 

780 

( I ncl . Mission  Equipment) 

Mission  Fuel,  lb 

623 

447 

479 

565 

728 

Payload,  lb 

1  200 

1200 

1200 

1200 

1200 

Disc  Loading,  lb/ft2 

5.78 

5.50 

5.68 

5.60 

6.08 

Installed  Power,  shp 

1314 

1228 

1275 

1233 

1380 

(Sea  Level,  59°F,  MRP) 

Rated  Power/Engi ne ,  shp 

657. 

614. 

638. 

617. 

690. 

(Sea  Level,  59°F,  MRP) 

Transmission  Rating,  shp 

972 

910 

942 

923 

1039 

(4000  ft,  95°F ,  MRP) 

Tail  Rotor  Power,  shp 

76.3 

71.0 

74.1 

72.3 

71.0 

Total  Equivalent  Flat- 

12.32 

12.32 

12.32 

12.22 

12.22 

Plate  Area,  Fe,  ft2 

VCRUISE,  TAS 

144. 

142.5 

143.6 

144. 

145. 

VOPT,  TAS 

74. 

73. 

73.5 

74. 

75. 

(5000  ft,  95°F) 

Rate  of  Climb  at  Vopt»  fpm 

304. 

100. 

271 . 

100. 

181. 

(5000  ft,  95°F ,  OEI  ,  MRP) 

]  5R 
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TABLE  XXV.  SUMMARY  OF  TWIN 

-ENGINE 

HELICOPTER  CONFIGURATIONS 

WITH  EXTERNALLY 

-MOUNTED  ENGINES 

Non- 

Regenerative 

regenerative 

Engines 

Engines 

Eft 

'-'''tiveness 

Adv. 

Avail. 

0.40 

0.65 

0.80 

Techn. 

Techn  . 

Design  Gross  Weight,  .lb 

7248 

6878 

7100 

7055 

7654 

Weight  Empty,  lb 

4626 

4445 

4628 

4507 

4962 

Fixed  Useful  Load,  lb 

780 

780 

780 

780 

780 

(Incl. Mission  Equipment) 
Mission  Fuel,  lb 

632 

443 

482 

558 

702 

Payload,  lb 

1200 

1200 

1200 

1200 

1200 

Disc  Loading,  lb/ft2 

5.77 

5.47 

5.65 

5.62 

6.08 

Installed  Power,  shp 

1305 

1219 

1263 

1248 

1398 

(Sea  Level,  59°F,  MRP) 

Rated  Power/Engine,  shp 

653 

610 

632 

624 

699 

(Sea  Level,  59°F,  MRP) 
Transmission  Rating,  shp 

966 

903 

936 

934 

1052 

(4000  ft,  95°F,  MRP) 

Tail  Rotor  Power,  shp 

75.0 

70.4 

73.1 

73.0 

82.2 

Total  Equivalent  Flat- 

16.27 

16.27 

16.27 

14.75 

14.75 

Plate  Area,  Fe,  ft2 

VCRUISE.  TAS 

145. 

140.5 

144. 

149. 

151.7 

VOPT,  TAS 

74. 

72. 

73. 

74. 

76. 

(5000  ft,  95°F) 

Rate  of  Climb  at  VoPT*fpm 

213. 

>100 

188. 

>100 

316. 

(5000  ft,  95°F ,  OEI ,  MRP) 
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A  drag  buildup  vas  calculated  for  each  of  the  twin-engine 
aircraft,  and  total  equivalent  flat-plate  area  is  included  in 
the  above  tables.  The  flat-plate  area  for  the  aircraft  with 
externally-mounted  engines  was  significantly  larger  due  to  the 
induced  drag  of  the  stub-wing  appendages  used  for  engine 
mounting . 

The  aerodynamic  and  performance  limits  and  constants  used  in 
the  si ngle-engi ne  aircraft  performance  calculations  were  the 
same  for  these  twin-engine  aircraft  analyses,  including: 

.  Four-b laded  rotor 

.  Rotor  diameter  =  40  ft 

.  Rotor  solidity  limit,  o  LIMIT  =  0.07 
.  Two-bladed  tail  rotor 

.  Tail-rotor  solidity  =  0.11 

.  Tail-rotor  efficiency  =  0.712 

.  Transmission  efficiency  =  0.97 

Figures  45,  47,  and  49,  presented  earlier  in  the  main  text, 
showed  the  performance  data  used  in  these  analyses,  and 
Figure  46  presented  the  fuselage  download. 

The  twin-engine  concepts  with  externally-mounted  engines 
would  be  subject  to  greater  download  due  to  the  wing-like 
external  mounting  structure,  and  this  additional  increment  is 
plotted  in  Figure  69.  The  requirement  for  trim  and  control 
was  estimated  as  1.5  percent  of  the  download. 

Takeoff  gross  weights  for  the  twin-engine  aircraft  are  shown 
in  Figure  70.  As  was  true  for  the  single-engine  helicopters, 
the  optimum  powerplant  for  these  aircraft,  from  the  standpoint 
of  aircraft  gross  weight,  would  be  the  regenerative  engine 
with  approximately  a  0.65  effectiveness  regenerator. 

Figures  71,  72,  73,  and  74  present  three-view  general  arrange¬ 
ment  layout  drawings  of  the  four  helicopters. 
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Wing  Download  -  percent 


20 


Figure  bb  . 


Single-Rotor  Helicopter  Wing  Download. 


Helicopter  Takeoff  Gross  Weight 


Figure  70.  Takeoff  Gross  Weights  for  Twin-Engine  Aircraft 
With  Regenerative  and  Nonregenerati ve  Engines. 
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Figure  71.  General  Arrangement,  Utility  Helicopter  With 
Advanced-Technology  Regenerative  Engines  - 
Twin-Engine,  Internally  Mounted. 
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Figure  72.  General  Arrangement,  Utility  Helicopter  With 
Advanced-Technology  Regenerative  Engines  - 
Twin-Engine,  Externally  Mounted. 
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Figure  73.  General  Arrangement,  Utility  Helicopter  With 
Simple-Cycle  Engines  -  Twin-Engine, 
Internally  Mounted. 
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Figure  74.  General  Arrangement,  Utility  Helicopter  With 
Simple-Cycle  Engines  -  Twin-Engine, 
Externally  Mounted. 
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APPENDIX  II 


VARIABLE  TURBINE  GEOMETRY  CONFIGURATIONS 


Because  the  maximum  benefit  in  engine  SFC  which  can  be  realized 
from  regeneration  is  related  to  the  difference  between 
compressor  and  turbine  discharge  temperatures,  it  is  desirable 
to  maintain  high  turbine-inlet  temperature  throughout  a 
significant  part  of  the  operating  range  of  the  engine.  At 
part-power  operating  points,  the  reduced  engine  airflow  would 
contribute  to  improved  recuperator  effectiveness  as  well  as 
reduced  core  pressure  losses  and,  coupled  with  the  higher 
turbine-inlet  tenperature,  would  produce  a  substantial  improve¬ 
ment  in  part-power  SFC.  To  permit  part-power  operation  at 
constant  turbine- inlet  temperature,  however,  requires  variable 
flow  characteristics  for  the  turbine,  which  could  be  ac¬ 
complished  with  variable  stator  vanes.  Using  only  variable 
power  turbine  stator  vanes,  the  engine  operating  line  for 
constant  turbine-inlet  temperature  would  be  limited,  to  some 
degree,  and  would  be  highly  dependent  on  compressor  map  match¬ 
ing  characteristics,  including  degradation  in  efficiency  and 
surge  margin.  For  this  reason,  the  studies  of  variable  turbine 
geometry  considered  two  regimes  of  operation  at  two  different 
discrete  turbine  temperatures.  The  first  regime  considered 
use  of  variable  turbine  nozzles  to  maintain  constant  turbine- 
inlet  temperature  through  that  part-power  region  which  could 
be  accommodated  without  encountering  compressor  surge.  For  the 
remaining  part-power  regime,  the  turbine-inlet  temperature  was 
reduced  by  a  fixed  increment  and  then  remained  constant  to 
very  low  powers. 

The  impact  on  performance  of  using  variable  geometry  in  both 
gas-generator  and  power-turbine  nozzles  was  included  in  the 
study. 

DESIGN-POINT  PERFORMANCE 


Design-point  performance  parameters  for  the  variable-geometry 
regenerative  engines  were  based  on  the  component  data  used  for 
the  fixed-geometry  engines.  However,  the  engine  operating  line 
on  the  compressor  performance  map  for  the  variable-geometry 
engine  was  necessarily  different  than  the  one  for  the  fixed- 
geometry  engine.  Using  the  same  compressor  map  developed 
previously  for  the  regenerative  engines  (Figure  75),  various 
engine  operating  lines  have  been  drawn.  The  operating  line 
numbered  1  corresponds  to  the  fixed-geometry  engine,  and  the 
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line  numbered  2  corresponds  to  the  engine  with  a  variable 
power  turbine  operating  at  2300°F  turbine-inlet  temperature 
and  passing  through  the  9:1  compressor  pressure  ratio  design 
point.  The  latter  operating  line  would  intersect  the  surge 
line  at  part  power.  The  remaining  operating  lines  (numbered  3 
and  4)  were  defined  for  a  larger  constant  gas-generator  turbine 
stator  area,  variable  power  turbine  stator  areas,  and  2150°F 
and  2300°F  turbine-inlet  temperatures.  To  maintain  adequate 
surge  margin  at  part-power  operating  points  (essentially  the 
same  margin  as  the  fixed-geometry  engine) ,  it  was  necessary  to 
reduce  the  design  pressure  ratio  to  8:1  at  the  turbine- inlet 
temperature  of  2300°F  (line  3). 

Design-point  component  performance  parameters  for  variable- 
and  fixed-geometry  regenerative  engines  are  compared  in 
Table  XXVI.  With  the  exception  of  the  compressor,  design- 
point  performance  of  the  combustor,  turbines,  diffuser,  and 
recuperator  was  kept  identical  with  previous  analyses.  Design- 
point  performance  of  the  variable-geometry  engine  was  shown  to 
be  not  as  good  as  the  fixed-geometry  configuration,  mainly 
because  the  lower  pressure  ratio  contributed  to  a  slight 
increase  in  SFC  and  caused  the  specific  power  to  be  further 
from  the  optimum  value. 

VARIABLE  POWER  TURBINE  STATOR  (FART  POWER) 

Part-power  performance  was  determined  for  variable  power- 
turbine  nozzle  settings  (changes  in  flow  area)  with  fixed  gas- 
generator  turbine  size  (using  the  larger  gas-generator  turbine 
nozzle  area)  for  two  discrete  values  of  turbine-inlet  tempera¬ 
ture  throughout  the  engine  operating  range.  Two  turbine- 
temperature  regimes  were  selected:  2300°F  for  use  above  the 
Normal  Rated  Power  condition  and  2150°F  for  use  below  NRP . 

The  difference  of  150°F  between  the  two  levels  was  consistent 
with  the  previous  fixed-geometry  study  shown  in  the  main  text 
of  the  report. 

The  compressor  characteristic  is  shown  in  Figure  76,  with  the 
operating  lines  for  the  two  selected  turbine-temperature 
regimes.  Below  NRP,  the  engine  operating  line  shifts  to  the 
lower  turbine-inlet  temperature  line.  Turbine  characteristics 
were  obtained  from  Reference  14.  The  reference  provided 
typical  turbine  efficiencies  as  a  function  of  pressure  ratio 
and  speed,  and  also  presented  the  effect  of  variation  in 
power  turbine  nozzle  area.  These  data  were  used  to  generate 
power  turbine  efficiency  characteristics  used  in  this  study 
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TABLE  XXVI.  DESIGN-POINT  PERFORMANCE  PARAMETERS  FOR  FIXED- 

GEOMETRY  AND  VARIABLE-GEOMETRY  REGENERATIVE  ENGINES 

Variable 

Fixed 

Geometry 

Geometry 

Recuperator  Effectiveness* 

.65 

.65 

Compressor 

Inlet  Airflow,  lb/sec 

5.0 

5.0 

Pressure  Ratio 

8.0 

9.0 

Adiabatic  Efficiency* 

.81 

.82 

Exit  Temperature,  OF 

570. 

601. 

Cooling-Air  Bleed/Inlet  Airflow* 

.035 

.035 

Leakage/I nlet  Airflow 

.015 

.  015 

Recuperator  -  Air-Side 

Inlet  Flow,  lb/sec 

4.75 

4.75 

Pressure  Loss* 

.024 

.024 

Exit  Temperature,  °F 

1100. 

1081. 

Combustor 

Efficiency* 

.99 

.99 

Fuel/Compressor  Inlet  Airflow 

.0192 

.0195 

Pressure  Loss* 

.03 

.03 

Gas-Generator  Turbine 

Inlet  Temperature,  °F 

2300. 

2300. 

Inlet  Flow,  lb/sec 

4.846 

4.848 

Mechanical  Efficiency* 

.975 

.975 

Exit  Temperature,  °F 

1856. 

1828. 

Adiabatic  Efficiency* 

.875 

.875 

Pressure  Ratio 

2.40 

2 . 5d 

Interstage  Turbine  Diffuser 

Pressure  Loss* 

.03 

.  03 

Temperf.ture,  °F  (Cooling-Air  Mixed) 

1832. 

1805. 

Power  Turbine 

Inlet  Temperature,  °F 

1832. 

1805. 

Inlet  Flow,  lb/sec 

4.996 

4.998 

Exit  Temperature,  °F 

1372. 

1329. 

Adiabatic  Efficiency* 

.91 

.91 

Pressure  Ratio 

2.83 

2.99 

Exhaust  Diffuser 

Pressure  Ratio 

1.04 

1.04 

Recuperator  -  Gas-Side 

Inlet  Flow,  lb/sec 

4.996 

4.998 

Pressure  Loss* 

.  036 

.036 

Exit  Temperature,  °F 

900. 

900. 

Specific  Power,  hp/lb/sec 

186.3 

192.7 

Shaft  Power,  hp 

931  . 

964. 

SFC,  lb/hr/hp 

.  371 

.364 

♦Efficiencies,  effectiveness,  pressure  losses,  bleed  and 

leakage  flows  expressed  as  decimal  fractions. 
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(Figure  77) .  Off-design  per formance  of  the  recuperator  in 
terms  of  effectiveness  and  pressure  loss  was  assumed  to  be  the 
same  as  pictured  earlier  (Figures  36  and  37  in  the  main  text 
of  this  report).  Bleed  and  leakage  flows  were  considered  to 
be  constant  percentages  of  inlet  airflow. 

The  variation  in  compressor  airflow  and  the  required  variation 
in  power-turbine  area  as  a  function  of  engine  power  are 
presented  in  Figure  78,  for  sea-level,  standard-day  operation. 

Figure  79  shows  specific  fuel  consumption  plotted  as  a  function 
of  power  for  the  regenerative  engine  with  a  variable  power- 
turbine  nozzle.  Curves  are  plotted  for  the  2150°F  and  2300°F 
turbine  inlet  temperature  regimes,  and  the  line  of  engine 
operation  is  indicated  -  shifting  from  the  2300°F  curve  to  the 
215G°F  curve  below  NRP .  These  data  were  plotted  for  constant 
output-shaft  speed,  typical  of  the  helicopter  installation,  and 
for  sea  level,  standard  day,  ambient  conditions. 

In  the  specific  fuel  conumption  plot  of  Figure  80,  the  line 
of  engine  operation  for  the  regenerative  engine  with  variable 
power-turbine  geometry  is  compared  with  similar  curves  for  a 
fixed-geometry  regenerative  engine  having  the  same  recuperator 
design-point  effectiveness  and  for  an  advanced-technology 
nonregenerat ive  engine.  The  variable-geometry  regenerative 
engine  SFC  curve  is  for  constant  output-shaft  speed.  The  two 
curves  for  the  fixed-geometry  regenerative  engines  also  are 
for  constant  output-shaft  speed.  One  of  these  curves 
corresponds  to  an  engine  configuration  whose  design  output- 
shaft  speed  is  the  optimum  power-turbine  speed  at  Military 
Rated  Power.  The  other  engine's  design  speed  is  significantly 
lower  and  is  equivalent  to  the  optimum  power-turbine  speed  at 
70  percent  MRP.  The  SFC  curve  for  the  latter  engine  is  better 
at  part  power,  although  the  performance  at  MRP  is  worse.  For 
comparison,  the  SFC  curve  for  the  advanced-technologv  non- 
regenerative  engine  is  included  -  its  design  output-shaft 
speed  is  also  optimum  at  a  part-power  condition.  The 
regenerative  engine  with  variable  power-turbine  nozzle  area 
offers  significant  performance  improvement  at  part-power 
operating  conditions,  even  when  cor  pared  with  a  fixed-geometry 
regenerative  engine  optimized  tor  part-power. 

A  curve  ol  part-power  airflow  for  a  fixed-geometry  regenera¬ 
tive  engine  ^as  included  in  Figure  78.  Comparing  the  airflow 
for  tha  fixeu-  and  variable-geometry  engines,  the  lower  air¬ 
flow  for  the  variable-geometry  engine  contributes  to  improved 
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Figure  79.  Specific  Fuel  Consumption  of  a  Regenerative  Engine  With  Variable 
Power-Turbine  Flow  Area. 


o 

o 


Cycle 


recuperator  performance  and  lower  SFC. 

Figure  81  pictures  another  advantage  of  the  variable-geometry 
regenerative  engine.  Military  and  Normal  Rat^d  Power  are 
shown  as  a  function  of  ambient  temperature  for  the  variable- 
geometry  engine,  and  a  comparable  MRP  point  was  plotted  for 
the  fixed-geometry'  enqine  at  95*F  ambient  temperature.  The 
fixed -geometry  engine  would  be  turbine-inlet-temperature 
limited,  and  gas-generator  speed  must  decrease  with  increasing 
ambient  temperature.  If  the  variable-geometry  engine  were  gas- 
generator  speed  limited  above  59°F,  this  engine  would  have  a 
power  advantage  on  a  hot  day.  Further  hot -day  power  augmenta¬ 
tion  would  be  possible  if  gas-generator  speed  were  allowed  to 
increase,  with  the  power-turbine  area  increasing  to  maintain 
constant  turbine- inlet  temperature.  However,  a  particular 
limitation  of  the  compressor  characteristic  used  for  these 
regenerative  engines  was  the  closeness  of  the  speed  lines  near 
the  design  point,  typical  of  the  choking  condition  encountered 
in  highly-loaded  compressors.  The  result  is  a  flatter  slope 
of  the  airflow-speed  curve  near  the  design  point  than  would  be 
the  case  with  a  more  lightly  loaded  compressor.  This 
difference,  in  turn,  limited  the  ability  of  variable  turbine 
geometry  to  augment  hot -day  power.  A  variable-geometry  engine 
with  a  more  favorable  compressor  characteristic  would  provide 
greater  improvement  (compared  to  fixed  geometry)  on  a  95 *F  day 
if  the  gas-generator  speed  were  not  limited. 

Figure  80  shows  that  the  variable-geometry  regenerative  engine 
offers  fuel  savings  for  cruise  at  high  power  settings,  but  the 
gain  is  almost  negligible.  Only  those  missions  which  required 
long  loiter  times  at  minimum-power  speed  would  result  in  sub¬ 
stantial  fuel  savings  compared  to  the  fixed-geometry  engine, 
enough  to  offset  the  increased  weight  and  complexity  associa¬ 
ted  with  the  variable  turbine  nozzle  vane  concept. 

VARIABLE  GAS-GENERATOR  AND  POWER  TURBINES 

With  variable  nozzle  vanes  in  both  the  gas-generator  turbine 
and  power  turbine,  it  could  be  possible  to  operate  in  a  region 
of  good  compressor  efficiency  away  from  the  surge  line  for  a 
substantial  portion  of  the  operating  range  of  the  engine.  This 
concept  would  introduce  an  added  degree  of  complexity  to  the 
control  requirements;  however,  the  impact  on  performance  of 
using  variable  geometry  in  both  turbines  was  investigated. 

In  Figure  82,  the  same  regenerative  engine  compressor 
characteristic  is  shown,  with  operating  lines  defined  by 
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Figure  81.  Military  and  Normal  Power  as  a  Function  of 
Ambient  Temperature  for  Regenerative  Engine 
With  Variable  Power-Turbine  Area. 
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Con-pressor  Pressur 


Figure  82.  Compressor  Performance  Map  for  Regenerative 

Lngine,  and  Operating  Lines  for  Variable  'as- 
Generator  and  Power  Turbines,  Constant  Turbine- 
Inlet  Temperature. 
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different  values  of  gas-generator  turbine  area  again  for  the 
two  turbine-temperature  regimes  previously  selected.  The 
power  turbine  area  was  varied  to  establish  points  along 
operating  lines  for  selected  gas-generator  nozzle  settings. 
Performance  characteristics  for  both  turbines  were  determined 
from  the  turbine-efficiency  trend  data  in  Reference  14. 

Engine  performance  corresponding  to  the  various  operating  lines 
on  the  compressor  map  is  presented  in  terms  of  SFC  as  a 
function  of  power  in  Figure  83.  Curves  are  plotted  for  differ¬ 
ent  gas-generator  turbine  areas,  and  the  power  turbine  area 
varies  continually  along  each  curve.  These  curves  illustrate 
that  performance  improvements  with  added  variable  gas-generator 
turbine  geometry  are  negligible  and  would  not  warrant  the 
additional  complexity  of  this  concept. 

Although  it  was  not  possible  to  obtain  quantified  data  on  the 
impact  of  variable  power-turbine  nozzle  vane  concepts  on  engine 
weight  and  cost,  the  previous  figures  shewed  negligible  fuel 
savings  at  high  power  settings,  typical  of  the  helicopter 
flying  a  utility  mission.  Generally,  any  fuel  saving  was  not 
large  enough  to  warrant  the  added  weight  and  complexity  of 
variable-turbine  designs.  Only  missions  requiring  long  loiter 
times  at  minimum  power  speed  offer  potentia..  for  the  variable- 
geometry  regenerative  engine. 
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APPENDIX  III 

SUMMARY  WEIGHT  STATEMENTS 
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